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ABSRACT

ELASTIC PROPERTIES, STRENGTH AND DAM AGE
TOLERANCE OF PULTRUDED COM POSITES

M rinal Chandra Saha
Old Dom inion University, 2001
Director: Dr. R. Prabhakaran

Pultruded composites are candidate materials for civil engineering infrastructural
applications due their higher corrosion resistance and lower life cycle cost. Efficient use
o f materials like structural members requires thorough understanding o f the mechanism
that affects their response. The present investigation addresses the modeling and
characterization o f E-glass fiber/polyester resin matrix pultruded composites in the form
o f sheets o f various thicknesses.
The elastic constants w ere measured using static, vibration and ultrasonic
methods. Two types o f piezoelectric crystals were used in ultrasonic measurements.
Finally, the feasibility o f using a single specimen, in the form o f a circular disk, was
shown in measuring all the elastic constants using ultrasonic technique.
The effects o f stress gradient on tensile strength w ere investigated. A large
num ber o f specimens, parallel and transverse to the pultrusion direction, were tested in
tension, 3-point flexure, and 4-point flexure. A 2-parameter W eibull model was applied
to predict the tensile strength from the flexure tests. The m easured and Weibull-predicted
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ratios did not show consistent agreement. Microstructural observations suggested that the
flaw distribution in the m aterial was not uniform, w hich appears to be a basic
requirem ent for the Weibull distribution.
Compressive properties were measured using a short-block compression test
specimen o f 44.4-mm long and 25.4-m m wide. Specimens were tested at 0°, 30°, 45°, 60°
and 90° orientations. The com pression test specimen was modeled using 4-noded
isoparametric layered plate and shell elements. The predicted elastic properties for the
roving layer and the continuous strand mat layer was used for the finite element study.
The damage resistance and damage tolerance w ere investigated experimentally.
U sing a quasi-static indentation loading, damage was induced at various incrementally
increased force levels to investigate the damage growth process. Damage parameters
were measured in the form o f dent depth, back surface crack length, and damage area.
The compression tests were performed, using an end-gripped compression test fixture, on
both the damaged specimens and open-hole specimens. A relationship between the
com pressive strength and hole-diam eter was established. The compressive strength o f
damaged specimens was compared to determine the "equivalent-hole-diameter." A
correlation between damage parameters and the

"equivalent-hole-diameter"

was

established to find a parameter that could be used as a m easure o f damage resistance and
damage tolerance o f pultruded com posite structures.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

©2001 Mrinal Chandra Saha. All rights reserved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

To my family

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGMENTS

I would like to express m y m ost sincere gratitude and indebtedness to Dr. R.
Prabhakaran, Eminent Professor o f Mechanical Engineering and Director o f the
D issertation Committee, for his continuous guidance, constant inspiration and valuable
suggestions throughout the entire working period o f this dissertation. He has supported
m e m orally and academically during m y study at Old Dom inion University. Without his
supervision and continuous guidance, this dissertation could never have existed. I am
very proud to have him as my supervisor. I am also indebted to him for giving me the
opportunity to work as a teaching assistant under his supervision, and also to allow me to
w ork w ith him on various funded projects.
I would like to especially thank Drs. S. Cupschalk, K. W illiam son and T. Coats,
m em bers o f the dissertation committee, for their cooperation and valuable comments.
I would like to thank Dr. S. Chaturvedi, Chair o f the Departm ent o f Mechanical
Engineering, for his persistent inquiry about the progress o f the dissertation. And also, for
his support towards serving as a teaching assistant in the department.
Special thanks to Mr. T. Galloway for his tireless cooperation in mounting
hundreds o f strain gages on specimens for my research works. O ver the last several years,
he has been very helpful to me in understanding the instrum entation related to electronics
and data acquisition systems. I really respect him for his responsibilities. Thanks to J.
Robertson, A. Cespedes, C. Contreras and K. Colvin in the m achine shop, for their help
in m aking test fixtures and also for allowing me to work in the shop during the entire
period o f my dissertation. I would like to thank H. X u and M. Douglas for helping me

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

carryout some o f m y experiments on time. M y sincere thanks and appreciation to W. A.
Waters, Jr. for his constructive suggestions and frequent trips to ODU in regards to
fixture design, compression testing and finite element analysis. Thanks to Diane, June
and Amy in the Department o f Mechanical Engineering for their support.
Finally, my gratitude to m y wife Bharati who has encouraged me in my Ph.D.
studies. Thanks to m y daughter Manisha and my son M andeep for their moral support
during my study.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS
Page
LIST OF TA BLES............................................................................................................................xi
LIST OF FIG U RES....................................................................................................................... xiii
CHAPTER I. INTRODUCTION AND LITERATURE REVIEW
1.1
Introduction....................................................................................................................... 1
1.2
Literature Review ............................................................................................................ 4
1.2.1 Elastic Constants o f Composite M aterials.........................................................5
1.2.2 Stress Gradient Effects on Com posite Strength................................................9
1.2.3 Com pressive Properties o f Com posite M aterials........................................... 12
1.2.4 D am age Resistance and Damage T olerance o f Composites........................ 14
1.3
Objectives and Scope o f the Study.......................................................................... 22
CHAPTER H. TEST MATERIAL - PULTRUDED COM POSITE.................................... 25
CHAPTER IE. ULTRASONIC M EASUREMENT OF ELASTIC CONSTANTS
3.1
Introduction.................................................................................................................... 32
3.2
Test Specim ens and Experimental Procedure......................................................... 33
3.2.1 Static M easurements............................................................................................33
3.2.2 V ibration Measurements..................................................................................... 34
3.2.3 Ultrasonic Measurements.................................................................................... 35
3.2.3.1 Piezoelectric Crystals.................................................................................. 35
3 .2 3 .2 Calibration of the Crystals......................................................................... 36
3 .2 3 .3 Measurements Technique.......................................................................... 37
3.2.3.4 Validation o f the Ultrasonic M easurem ents..........................................38
3.2.3.5 Pultruded Composite Test Specim ens.................................................... 39
3.2.3.6 Repeatability and Effect o f Frequency...................................................39
3.2.3.7 Typical Recorded W aveform s..................................................................40
3.3
Results and Discussions.............................................................................................. 40
3.3.1 M easurem ent o f Young’s M odulus.................................................................. 40
3.3.2 M easurem ent o f Shear Modulus using G -Crystals........................................42
3.3.3 M easurem ent o f Shear Modulus using E-Crystals.........................................43
3.3.4 M easurem ent o f Elastic Constants using Single Circular
Specim en................................................................................................................ 44
3.3.4.1 W ave Propagation Velocity M ethod........................................................44
3.3.4.2 P-W ave Propagation M ethod................................................................... 46
3.3.4.3 S-W ave Propagation M ethod................................................................... 47
3.3.4.4 Results and Discussions............................................................................. 47
CHAPTER IV. STRESS GRADIENT EFFECTS ON STRENGTH
4.1
Introduction....................................................................................................................65
4.2
Experim ental Program.................................................................................................66
4.2.1
Specim ens with 3.2-mm Thickness................................................................. 66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.2.2 Specimens with 12.7-mm Thickness................................................................. 67
4.3
W eibull Statistical-Strength M odel............................................................................67
4.4 Determination o f the W eibull Parameters..................................................................71
4.5
Results and Discussions............................................................................................... 73
4.5.1 Specimen Behavior...............................................................................................73
4.5.2 Statistical Data Analysis......................................................................................76
4.5.3 W eibull Strength Prediction................................................................................78
4.5.4 Failure Analysis.................................................................................................... 79
CHAPTER V. MEASUREMENTS, M ODELING AND FEM STUDY
FOR COM PRESSION LOADING
5.1
Introduction..................................................................................................................115
5.2
Experimental Program............................................................................................... 116
5.2.1 Compression Test Specim ens........................................................................... 116
5.2.2 Compression Test Fixture and Test Procedure.............................................. 116
5.3
Finite Element Study...................................................................................................118
5.3.1 M odeling o f Pultruded Com posite................................................................... 119
5.3.2 Laminate Analysis...............................................................................................122
5.3.3 Finite Element Study in Compression.............................................................122
5.4
Results and Discussions.............................................................................................123
5.4.1 Experimental Results.......................................................................................... 123
5.4.1.1 Compressive Properties..........................................................................124
5.4.1.2 Statistical Analysis................................................................................... 126
5.4.1.3 Failure Analysis........................................................................................127
5.4.2 Finite Element Results........................................................................................129
CHAPTER VI. DAMAGE RESISTANCE AND DAMAGE TOLERANCE
OF PULTRUDED COMPOSITES
6.1
Introduction................................................................................................................. 177
6.2
Experimental Program...............................................................................................178
6.2.1 Quasi-Static Indentation Testing...................................................................... 178
6.2.1.1 Specimen Preparation and Test Procedure......................................... 178
6.2.1.2 Damage Evaluation..................................................................................179
6.2.2 Compression Testing..........................................................................................181
6.2.2.1 Test Specimen Preparation....................................................................181
6.2.2.2 Instrumentation........................................................................................ 182
6 .2 .2 3 Compression Test Fixture and Test Procedure.................................. 183
6.3
Contact Force-Indentation Relationship................................................................ 184
6.4
Strain Concentration..................................................................................................185
6.5
Results and Discussions............................................................................................ 187
6.5.1 Damage Resistance Study..................................................................................187
6.5.1.1 Repeatability Tests.................................................................................. 187
6.5.1.2 Damage Characterization Tests............................................................188
6.5.1.3 Contact Behavior.....................................................................................191
6.5.2 Damage Tolerance under Com pression..........................................................193
6.5.2.1
Response o f Undam aged Specimens...................................................193

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6.5.2.2 Response o f Specimens w ith Holes.....................................................194
6.5.2.2.1 Specimens with 6.3-mm Thickness...........................................194
6.5.2.2.2 Specimens with 12.7-mm Thickness........................................ 197
6.5.2.3
Compressive Strength o f Specimens with Holes............................. 200
6.5.2.4 Compression Behavior o f Damaged Specimens...............................201
6.5.2.4.1 Specimens with 6.3-mm Thickness.......................................... 201
6.5.2.4.2 Specimens w ith 12.7-mm Thickness........................................202
6.5.2.5
Residual Compressive Strength after Indentation Damage........... 203
6.5.2.6
Correlation between Damaged and Open Hole Specimens........... 204
CHAPTER VH. SUMMARY AND CONCLUSIONS
7.1
Summary....................................................................................................................301
7.2
Conclusions............................................................................................................... 304
7.2.1 Measurement o f Elastic Constants................................................................. 304
7.2.2 Stress Gradient Effects on Strength...............................................................306
7.2.3 Measurements, M odeling and FEM Study for Compression
Loading............................................................................................................... 307
7.2.4 Damage Resistance and Damage Tolerance o f Pultruded
Composites..........................................................................................................308
REFERENCES.............................................................................................................................311
VITA .............................................................................................................................................. 320

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

xi

LIST OF TABLES

Table

Pa^ge

2.1

Compositions o f the Constituent Layers o f the Pultruded Composite
o f Different Thicknesses..................................................................................................3 2

3.1

Ultrasonic Test Results for Steel, Aluminum and Polycarbonate
Specimens...........................................................................................................................5 3

3.2

Repeatability o f the Ultrasonic Measurements.............................................................. 5 3

3.3

Effect o f Frequency on Ultrasonic Measurements........................................................ _53

3.4

Comparison o f M easured In-plane Elastic Constants using a Single
Circular Specimen............................................................................................................ *62

4.1

Summary o f the Test Results for the 3.2-mm Thick Specimens.............................1 0 4

4.2

Summary o f the Test Results for the 12.7-mm Thick Specimens...........................1 0 5

4.3

Measured and W eibull-Predicted Ratios o f Flexure Strength to
Tensile Strength and the Ratios o f the Tensile Strengths........................................ 1 0 6

4.4

Effect o f Specimen Volume on Weibull Prediction from the 3-point
Flexure Data..................................................................................................................... 1 0 7

4.5

Effect o f Specimen Volume on Weibull Prediction from the 4-point
Flexure Data..................................................................................................................... 1 0 7

5.1

Properties o f E-Glass Fiber and Polyester Matrix...................................................... 1353

5.2

Predicted Material Properties o f Roving Layer..........................................................1353

5.3

Predicted Material Properties o f CSM Layer.............................................................. 1 3 4

5.4

Predicted Thickness o f Each Layer............................................................................... 1 3 4

5.5

Predicted Elastic Constants for the 6.3-mm Thick Pultruded Sheet....................... 1 3 5

5.6

Material Properties used for the Finite Element Analysis........................................ 13S6

5.7

Compressive Properties o f Pultruded Composites o f 6.3-mm and
12.7-mm Thick Flat Sheets........................................................................................... 1416

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

5.8

Summary o f Statistical Compressive Strength o f Pultruded Flat Sheets................ 151

6.1

Summary o f the Repeatability Test Results for the 6.3-mm Thick
Specimens......................................................................................................................... 215

6.2

Summary o f the Repeatability Test Results for the 12.7-mm
Thick Specim ens..............................................................................................................216

6.3

Summary o f the Damage Characterization Test Results for the 6.3-mm
Thick Specim ens..............................................................................................................225

6.4

Summary o f the Dam age Characterization Test Results for the 12.7-mm
Thick Specim ens..............................................................................................................226

6.5

Summary o f the Test Results for Undamaged Plate Specimens
in Com pression............................................................................................................... 252

6.6

Summary o f the Test Results for 6.3-mm Thick Specimens with Hole.................277

6.7

Summary o f the Test Results for 12.7-mm Thick Specimens w ith H ole.............. 278

6.8

Summary o f the Test Results for 6.3-mm Thick Specimens with Static
Damage.............................................................................................................................. 288

6.9

Summary o f the Test Results for 12.7-mm Thick Specimens with Static
Damage.............................................................................................................................. 289

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES

Figure

Page

2.1

Structure o f a Typical Pultruded Com posite Sheet...................................................... 28

2.2

Lay-up for 3.2-nun Thick Pultruded Sheet................................................................... 29

2.3

Lay-up for 6.3-mm Thick Pultruded Sheet................................................................... 30

2.4

Lay-up for 12.7-mm Thick Pultruded Sheet.................................................................31

3.1

Schematic Diagram o f Vibration Test Setup................................................................49

3.2

Schematic o f E-crystal and G-crystal Showing the Plane o f Wave
Propagation........................................................................................................................50

3.3

Typical Waveforms for the Calibration o f E-crystal Measurement System ...........51

3.4

Schematic Arrangement o f Ultrasonic Test Setup...................................................... 52

3.5

Typical P-W aveform for 0° Bar Specim en................................................................... 54

3.6

Typical S-Waveform for 0° Bar Specimen using G-crystal...................................... 55

3.7

Typical S-Waveform with Slotted B ar Specimen using E-crystal............................ 56

3.8

Variation o f Y oung’s Modulus (Eg) o f Bar Specimens as a
Function o f Fiber Orientation Angle............................................................................. 57

3.9

Variation o f Y oung’s Modulus (Eg) o f Circular Disk Specimens as a
Function o f Fiber Orientation Angle............................................................................. 58

3.10

Variation o f Shear Modulus (Gg) as a Function o f Fiber
Orientation Angle (Gg measured using G-crystals).....................................................59

3.11

Schematic Diagrams o f Slotted Bar and Disk Specimen.............................................60

3.12

Variation o f Shear Modulus (Gg) as a Function o f Fiber Orientation
Angle (Gg measured using E-crystals)........................................................................... 61

3.13

Variation o f Young’s Modulus (Eg) as a Function o f Fiber Orientation
Angle using 305-mm Diameter Circular Disk Specimen...........................................63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.14

Variation o f Shear Modulus (Go) as a Function o f Fiber Orientation
Angle using 305-mm Diameter Circular Disk Specimen..........................................64

4.1

Geometry o f the Test Specimens (3.2-mm Thick)....................................................... 82

4.2

Geometry o f the Test Specimens (12.7-mm Thick).....................................................83

4.3

Tensile Stress vs. Strain Response for the 3.2-mm Thick Specimen
(0-degree)........................................................................................................................... 84

4.4

Tensile Stress vs. Strain Response for the 3.2-mm Thick Specimen
(90-degree).........................................................................................................................85

4.5

Tensile Stress vs. Strain Response for the 12.7-mm Thick Specimen
(0-degree)........................................................................................................................... 86

4.6

Tensile Stress vs. Strain Response for the 12.7-mm Thick Specimen
(90-degree).........................................................................................................................87

4.7

Stress vs. Strain Response for the 3.2-mm Thick Specimen (0-degree)..................88

4.8

Stress vs. Strain Response for the 3.2-mm Thick Specimen (90-degree)................89

4.9

Stress vs. Strain Response for the 12.7-mm Thick Specimen (0-degree)................90

4.10

Stress vs. Strain Response for the 12.7-mm Thick Specimen (90-degree)............. 91

4.11

Stress vs. Strain Response for the 3.2-mm Thick Specimen in 4-point
Loading (0-degree)........................................................................................................... 92

4.12

Stress vs. Strain Response for the 3.2-mm Thick Specimen in 4-point
Loading (90-degree)......................................................................................................... 93

4.13

Stress vs. Strain Response for the 12.7-mm Thick Specimen in 4-point
Loading (0-degree)........................................................................................................... 94

4.14

Stress vs. Strain Response for the 12.7-mm Thick Specimen in 4-point
Loading (90-degree)......................................................................................................... 95

4.15

Load vs. Central Deflection Behavior for the 3.2-mm Thick Specimen
under 3-point and 4-point Flexure (0-degree)..............................................................96

4.16

Load vs. Central Deflection Behavior for the 3.2-mm Thick Specimen
under 3-point and 4-point Flexure (90-degree)............................................................97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

XV

4.17

Load vs. Central Deflection Behavior for the 12.7-mm Thick Specimen
under 3-point and 4-point Flexure (0-degree)...............................................................98

4.18

Load vs. Central Deflection Behavior for the 12.7-mm Thick Specimen
under 3-point and 4-point Flexure (90-degree).............................................................99

4.19

Probability o f Survival as a Function o f Stress for the 3.2-mm Thick
Specimen (0-degree)........................................................................................................100

4.20

Probability o f Survival as a Function o f Stress for the 3.2-mm Thick
Specimen (90-degree)..................................................................................................... 101

4.21

Probability o f Survival as a Function o f Stress for the 12.7-mm Thick
Specimen (0-degree)........................................................................................................102

4.22

Probability o f Survival as a Function o f Stress for the 12.7-mm Thick
Specimen (90-degree)..................................................................................................... 103

4.23

Typical Failures o f 3.2-mm Thick Specimens Loaded in Tension, 3-point
and 4-point Flexure (a) 0-degree and (b) 90-degree................................................. 108

4.24

Typical Failures o f 12.7-mm Thick Specimens Loaded in Tension, 3-point
and 4-point Flexure (a) 0-degree and (b) 90-degree................................................. 109

4.25

Typical Failures o f Different Width o f 3.2-mm Thick Specimens
Loaded in Tension (a) 0-degree and (b) 90-degree....................................................110

4.26

Typical Failures o f 38-mm Width o f 12.7-mm Thick Specimens Loaded
in Tension (a) 0-degree and (b) 90-degree.................................................................. 111

4.27

Photographs o f the Surface o f the Pultruded Sheet along the Pultrusion
Direction (a) 3.2-mm Thick and (b) 12.7-mm T hick................................................ 112

4.28

Photomicrographs Showing Defects in the 12.7-mm Thick Pultruded
Composite (Longitudinal Section)................................................................................ 113

4.29

Photomicrographs Showing Defects in the 12.7-mm Thick Pultruded
Composite (Transverse Section)................................................................................... 114

5.1

Photograph o f the Test Fixture and the Specim en..................................................... 131

5.2

Schematic Diagram o f the Compression Test Fixture
Specimen Assembly........................................................................................................ 132

5.3

Discretized 2-D Model and Boundary Conditions..................................................... 137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

xvi

5.4

Stress vs. Strain response o f 6.3-mm Thick Specimen (Longitudinal)................... 138

5.5

Stress vs. Strain response o f 12.7-mm Thick Specimen (Longitudinal)................. 139

5.6

Load vs. End Shortening Plot for 6.3-mm Thick Specimen (Longitudinal).......... 140

5.7

Load vs. End Shortening Plot for 12.7-mm Thick Specimen (Longitudinal)........141

5.8

Distribution o f Axial Strain Across the W idth o f 6.3-mm Thick
Specimen (Longitudinal)............................................................................................... 142

5.9

Distribution o f Axial Strain Across the W idth o f 12.7-mm Thick
Specimen (Longitudinal)............................................................................................... 143

5.10 Axial Stress vs. Strain Response o f 6.3-mm Thick Specimen for Various
Fiber Orientation A ngles................................................................................................ 144
5.11

Axial Stress vs. Strain Response o f 12.7-mm Thick Specimen for Various
Fiber Orientation A ngles................................................................................................ 145

5.12

Variation o f Compressive Strength as a Function o f Fiber Orientation
Angle.................................................................................................................................. 147

5.13

Variation o f Compressive Modulus as a Function o f Fiber Orientation
Angle.................................................................................................................................. 148

5.14

Probability o f Survival Plot for 6.3-mm Thick Specimens........................................ 149

5.15

Probability o f Survival for Plot 12.7-mm Thick Specimens......................................150

5.16

Photomicrograph o f 6.3-mm Thick Specimen Showing Initiation
o f Failure (Longitudinal)................................................................................................ 152

5.17

Photomicrograph o f 6.3-mm Thick Specimen Showing Initiation o f
Failure (30-degree).......................................................................................................... 153

5.18

Photomicrograph o f 6.3-mm Thick Specimen Showing Initiation o f
Failure (45-degree)...........................................................................................................154

5.19

Photomicrograph o f 6.3-mm Thick Specimen Showing Initiation o f
Failure (60-degree).......................................................................................................... 155

5.20

Photomicrograph o f 6.3-mm Thick Specimen Showing Initiation o f
Failure (Transverse)........................................................................................................ 156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

xvii

5.21

Photomicrograph o f 12.7-mm Thick Specimen Showing Initiation
o f Failure (Longitudinal)............................................................................................... 157

5.22 Photomicrograph o f 12.7-mm Thick Specimen Showing Initiation
o f Failure (30-degree)....................................................................................................158
5.23

Photomicrograph o f 12.7-mm Thick Specimen Showing Initiation
o f Failure (45-degree)....................................................................................................159

5.24

Photomicrograph o f 12.7-mm Thick Specimen Showing Initiation
o f Failure (60-degree)....................................................................................................160

5.25

Photomicrograph o f 12.7-mm Thick Specimen Showing Initiation o f
Failure (Transverse)....................................................................................................... 161

5.26

Photograph o f 6.3-mm Thick Fractured Specimen (Longitudinal).........................162

5.27

Photograph o f 6.3-mm Thick Fractured Specimen (30-degree).............................. 162

5.28

Photograph o f 6.3-mm Thick Fractured Specimen (45-degree).............................. 163

5.29

Photograph o f 6.3-mm Thick Fractured Specimen (60-degree).............................. 163

5.30

Photograph o f 6.3-mm Thick Fractured Specimen (Transverse)............................. 164

5.31

Photograph o f 12.7-mm Thick Fractured Specimen (Longitudinal)...................... 164

5.32

Photograph o f 12.7-mm Thick Fractured Specimen (30-degree)............................165

5.33

Photograph o f 12.7-mm Thick Fractured Specimen (45-degree)............................165

5.34

Photograph o f 12.7-mm Thick Fractured Specimen (60-degree)............................166

5.35

Photograph o f 12.7-mm Thick Fractured Specimen (Transverse)...........................166

5.36

Comparison o f Experimental and Predicted Stress vs. strain
Response (6.3-mm thick).............................................................................................. 167

5.37

Comparison o f Experimental and Predicted Load vs. End Shortening
Response (6.3-mm thick).............................................................................................. 168

5.38

Deformed Displacement Plot o f Ux (6.3-mm thick)..................................................169

5.39

Distribution o f In-plane Normal Stress,

ctx (6.3-mm

thick)......................................170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

xviii

5.40 Distribution o f Hom ogeneous Stress Across the Length o f the
Specimen (6.3-mm thick)................................................................................................171
5.41 Distribution o f Hom ogeneous Stress Across the W idth o f the
Specimen (6.3-mm thick)................................................................................................172
5.42 Stress Distribution on R oving Layer Across the W idth o f the
Specimen (6.3-mm thick)................................................................................................173
5.43 Stress Distribution on C SM Layer Across the W idth o f the
Specimen (6.3-mm thick)................................................................................................174
5.44 Comparison o f crx Across the W idth for CSM and Roving Layers as
Compared to Homogeneous Stress...............................................................................175
5.45

Stress Distribution through the Thickness o f the Specimen (6.3-m m thick)

6.1

Photograph o f the Quasi-Static Indentation Test Setup.............................................207

6.2

Strain Gages Locations (Back-to-Back) for the 152-mm x 102-mm
Plate Specimen (6.3-m m Thick)...................................................................................208

6.3

Strain Gages Locations (Back-to-Back) for the 254-mm x 178-mm
Plate Specimen (12.7-m m Thick)................................................................................ 209

6.4

Typical Instrumented O pen Hole Specimen................................................................210

6.5

Typical Specimen in the Support Fixture Ready to Test.......................................... 211

6.6

Photograph o f the Typical Compression Testing Showing the Data
Acquisition System and the D CD T’s...........................................................................212

6.7

Indentation Force as a Function o f Plate Center Displacem ent
for the Repeatability Test (6.3-mm Thick)................................................................ 213

6.8

Indentation Force as a Function o f Plate Center Displacement
for the Repeatability Test (12.7-mm Thick).............................................................. 214

6.9

Indentation Force as a Function o f Plate Center Displacement
at Various Unloading Stages for 6.3-mm Thick Specimen.................................... 217

6.10

Indentation Force as a Function o f Plate Center Displacement
at Various Unloading Stages for 12.7-mm Thick Specimen.................................. 218

6.11

Photograph Showing Front Surface Damage at Static Indentation
Load o f 7.3-kN (6.3-mm Thick)...................................................................................219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

176

6.12 Photograph Showing Front Surface Damage at Static Indentation
Load o f 16.8-kN (12.7-m m Thick)..............................................................................220
6.13 Photograph Showing Back Surface Crack at Static Indentation
Load o f 7.3-kN (6.3-mm Thick).................................................................................. 221
6.14 Photograph Showing Back Surface Crack at Static Indentation
Load o f 16.8-kN (12.7-m m Thick)..............................................................................222
6.15

Typical x-Radiograph Showing the Internal Damage due to
Quasi-Static Indentation Loading up to Failure (6.3-m m Thick)..........................223

6.16

Typical x-Radiograph Showing the Internal Damage due to
Quasi-Static Indentation Loading up to Failure (12.7-m m Thick)....................... 224

6.17

Damage Area as a Function o f Indentation Force...................................................... 227

6.18

Dent Depth as a Function o f Indentation Force...........................................................228

6.19

Energy Absorption as a Function o f Indentation Force.............................................229

6.20

Energy Absorption as a Function o f Dent Depth........................................................ 230

6.21

Back Surface Crack Length as a Function o f Dent D epth........................................231

6.22

Damage Area as a Function o f Dent Depth................................................................. 232

6.23

Photomicrographs Showing no Damage at 4 kN Load (6.3-mm Thick)............... 233

6.24

Photomicrographs Showing a few Matrix Cracks at 4.9 kN Load
(6.3-mm Thick)................................................................................................................ 234

6.25

Photomicrographs Showing M atrix Cracks and Delam inations at 5.8 kN
Load (6.3-mm Thick)......................................................................................................235

6.26

Photomicrographs Show ing Delamination Accompanying with Fiber
Breakage at 6.7 kN Load (6.3-mm Thick)..................................................................236

6.27

Photomicrographs Showing Extensive Delamination and Fiber Breakage
at 7.3 kN Load (6.3-mm Thick)................................................................................... 237

6.28

Photomicrographs Show ing Extensive Delamination and Fiber
Breakage at Failure Load o f 7.3 kN (6.3-mm Thick)...............................................238

6.29

Photomicrographs Showing no Damage at 11.5 kN Load
(12.7-mm Thick)..............................................................................................................239

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

XX

6.30 Photomicrographs Showing no Damage at 13.1 kN Load
(12.7-mm Thick)............................................................................................................ 240
6.31

Photomicrographs Showing Matrix Cracks at 15.6 kN Load
(12.7-mm Thick)............................................................................................................ 241

6.32 Photomicrographs Showing Matrix Cracks and Delamination at 16.8 kN
Load (12.7-m m Thick).................................................................................................. 242
6.33

Photomicrographs Showing Extensive Delamination and Fiber Breakage
at Failure Load o f 18.7 kN (12.7-mm Thick)........................................................... 243

6.34

Contact Force vs. Indentation Relationship at Small Indentation
Stage for 6.3-mm Thick Specimens............................................................................244

6.35

Contact Force vs. Indentation Relationship at Small Indentation
Stage for 12.7-mm Thick Specimens..........................................................................244

6.36

Contact Force vs. Indentation Relationship at Various Indentation
Stages for 6.3-mm Thick Specimens..........................................................................246

6.37

Contact Force vs. Indentation Relationship at Various Indentation
Stages for 12.7-mm Thick Specimens........................................................................247

6.38

Compressive Stress vs. Strain Response for 6.3-mm Thick Plate
Specimen with Back-to-Back Strain Gages near Plate Center (3,6)......................248

6.39

Load vs. Displacement Plot for 6.3-mm Thick Specimen....................................... 249

6.40

Compressive Stress vs. Strain Response for 12.7-mm Thick Plate
Specimen with Back-to-Back Strain Gages near Plate Center (4,9)......................250

6.41

Load vs. Displacement Variations for 6.3-mm Thick Specimen.............................251

6.42

Photograph o f a Typical Fractured Undamaged Specimen
(6.3-mm Thick).............................................................................................................. 253

6.43

Photograph o f a Typical Fractured Undamaged Specimen
(12.7-mm Thick)............................................................................................................ 254

6.44

Compressive Stress vs. Strain Curves for 6.3-mm Thick Plate
Specimen with D/W = 0.25.......................................................................................... 255

6.45

Compressive Stress vs. Strain Curves for 6.3-mm Thick Plate
Specimen with D/W = 0.5............................................................................................ 256

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

xxi

6.46

Com pressive Stress vs. Strain Curves fo r 6.3-mm Thick Plate
Specimen w ith D/W = 0.75............................................................................................ 257

6.47

Load vs. D isplacem ent Plot for 6.3-mm Thick Plate Specimen w ith
D/W = 0.25....................................................................................................................... 258

6.48 Axial Strain Distribution in the Vicinity o f a Hole for Several Hole
Diameters in 102-mm W ide Plate Specimens o f 6.3-mm Thickness....................259
6.49 Variation o f Strain Concentration Factor as a Function o f Hole D iam eter
to W idth Ratio (6.3-mm Thick)................................................................................... 260
6.50 Photom icrograph o f Specimen with Hole (D/W = 0.25) Showing Initiation
o f Failure (6.3-m m Thick)............................................................................................. 261
6.51

Photom icrograph o f Specimen with H ole (D/W = 0.5) Showing Initiation
o f Failure (6.3-m m Thick)............................................................................................. 262

6.52

Photograph o f a Typical failed Specimen with Hole (6.3-mm Thick)................... 263

6.53

Photographs o f the Cross Section o f the Failed Specimens with Various
Diameter H oles (6.3-mm Thick)................................................................................... 264

6.54

Photographs o f the Cross Section o f the Failed Specimens with Various
Diameter H oles (6.3-mm Thick)................................................................................... 265

6.55

Compressive Stress vs. Strain Curves for 12.7-mm Thick Specimen
with D/W = 0.25.............................................................................................................. 266

6.56

Compressive Stress vs. Strain Curves for 12.7-mm Thick Specimen
with D/W = 0 .5................................................................................................................ 267

6.57

Compressive Stress vs. Strain Curves for 12.7-mm Thick Specimen
with D/W = 0.75.............................................................................................................. 268

6.58

Load vs. Displacem ent plot for 12.7-mm Thick Plate Specimen w ith
D/W = 0.75........................................................................................................................269

6.59

Axial Strain Distribution in the Vicinity o f a Hole for Several Hole
Diameters in 178-mm W ide Plate Specimens o f 12.7-mm Thickness................. 270

6.60

Variation o f Strain Concentration Factor as a Function o f Hole D iam eter
to W idth Ratio (12.7-mm Thick).................................................................................. 271

6.61

Photom icrograph o f Specimen with Hole (D/W = 0.5) Showing Initiation
o f Failure (12.7-m m Thick)...........................................................................................272

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6.62 Photomicrograph o f Specimen w ith H ole (D/W = 0.75) Showing Initiation
o f Failure (12.7-mm Thick)........................................................................................... 273
6.63

Photograph o f a Typical Failed Specimen w ith Hole (12.7-mm Thick)................. 274

6.64

Photographs o f the Cross Section o f the Failed Specimens w ith Various
Diam eter Holes (12.7-mm Thick).................................................................................275

6.65

Photographs o f the Cross Section o f the Failed Specimens with Various
Diameter Holes (12.7-mm Thick).................................................................................276

6.66

Compressive Strength as a Function o f H ole Diameter to Specimen
W idth Ratio for 6.3-mm and 12.7-mm Thick Plate Specimens.............................. 279

6.67

Stress vs. Strain Curves for 6.3-mm Thick Plate Specimen with Dam age
at 7.3 kN Load (Strain Gages are Back-to-Back near Damage)............................. 280

6.68

Load vs. Displacement Curves for 6.3-m m Plate Specimen with Dam age at
7.3 kN load (DCDT’s are Located at C enter o f Damage)..................................... 281

6.69

Axial Strain Distribution in the Vicinity o f the Damaged Region for 6.3-mm
Thick Plate Specimen at a Load o f 7.3-kN ................................................................. 282

6.70

Photograph o f a Typical Failed Dam aged Specimen (6.3-mm Thick)................... 283

6.71

Stress vs. Strain Curves for 12.7-mm Thick Plate Specimen with Dam age
at 18.7 kN Load (Strain Gages are Back-to-Back near Damage)...........................284

6.72

Load vs. Displacement Curves for 12.7-mm Plate Specimen with Dam age at
18.7 kN load (DCDT’s are Located at Center o f Damage)...................................285

6.73

Axial Strain Distribution in the Vicinity o f the Damaged Region for
12.7-mm Thick Plate Specimen at a Load o f 18.7-kN............................................ 286

6.74

Photograph o f a Typical Failed Dam aged Specimen (12.7-mm Thick).................287

6.75

Axial Strain Distribution for the 6.3-mm Thick Specimen with Various
Hole Sizes and with Damage at 7.3-kN Load............................................................ 290

6.76

Axial Strain Distribution for the 12.7-mm Thick Specimen with Various
Hole Sizes and with Damage at 18.7 kN L oad.......................................................... 291

6.77

A Comparison o f Compressive Strength o f Damaged Specimens
and Specimens with Hole (6.3-mm Thick).................................................................292

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6.78

A Comparison o f Compressive Strength o f Damaged Specimens
and Specimens with H ole (12.7-mm Thick).............................................................. 293

6.79

Relationship Between the Equivalent Hole Diameter o f the Damaged
Specimens and the Back Surface Crack Length....................................................... 294

6.80

Relationship Between the Equivalent Hole Diameter o f the Damaged
Specimens and the Dent D epth.................................................................................... 295

6.81

Relationship Between the Equivalent Hole Diameter o f the Damaged
Specimens and the A verage Damage Diameter........................................................ 296

6.82

Compressive Strength as a Function o f Dent Depth..................................................297

6.83

Compressive Strength as a Function o f Projected Dam age A rea...........................298

6.84

Compressive Strength as a Function o f Indentation Force...................................... 299

6.85

Compressive Strength vs. Back Surface Crack Length............................................300

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I

CHAPTER I

INTRODUCTION AND LITERATURE REV IEW

1.1

Introduction
Polym er matrix composites (PMCs) have grown in p o pularity as structural

materials for several reasons, including high strength-to-w eight ratio, corrosion
resistance, resistance to reasonable temperature limits, etc. H ow ever, the manufacturing
cost o f PMCs is high as compared to conventional materials. A co m m o n and economical
method for manufacturing PMCs is "pultrusion." Pultrusion is ^a process that offers
advantages o f a continuous production, as well as the integration o f fiber impregnation
and com posite consolidation in one single process. Various stnflctural shapes with a
constant cross section, such as I-beams, hollow boxes and

flat sheets, can be

manufactured through pultrusion. Some o f the advantages o f p u ltru d ed shapes are ease o f
assembly, easy maintenance o f the structures and lower life-cycle c o s t. In the pultrusion
process, layers o f unidirectional fibers in the form o f roving buindles and randomly
oriented m at are pulled through a polym er resin bath and then throingh a heated die. The
die consolidates and provides the shape o f the cross section o f th e final product while
curing the polymeric matrix.
Pultruded composites find their greatest application in c iv il engineering where
these materials are used in a wide variety o f structural elements ran g in g from gratings
and ladders to bridges and piers. O ther applications include rad o o ies and high voltage
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line insulators [1,2,3]* to nam e a few. The wide range o f applications for pultruded
composites raises concerns regarding their mechanical performance. For example,
com posites’ structural com ponents have finite volume, and the state o f stress in real
applications may be substantially different from that o f standard laboratory test
specimens utilized to generate the design data. Polymer based composites are inherently
brittle, hence their strength is a function o f specimen volume and applied stress. Thus, it
is necessary to determine the size effect and/or stress gradient effect o f those composites
and also to include these effects in structural design. Materials showing a size effect need
special treatment in order to predict the strength because standard failure criteria cannot
be used to account for the influence o f size effect.
Designing composite structures with pultruded composites requires a knowledge
o f material properties, especially in compression. For example, compressive strength is
considered prerequisite w hen designing structures against failure due to local bearing
stress generated at loading and support positions.

In general, composite materials are

inherently weaker in com pression than in tension. Hence, it is necessary to measure the
compressive properties o f the composite materials for reliable structural design.
Composite materials also generally exhibit appreciable variation in their strength
properties.

This may be attributed to the variations in the manufacturing process

parameters, test methods and the inherent heterogeneous nature o f the materials. It is
necessary for the designer to have some knowledge o f the statistical variation o f
compressive strength in order to design structures with som e degree o f reliability.
Statistical knowledge o f com pressive strength may increase the probability o f survival o f
costly structures, as well as make the structures economical by reducing the safety
' The journal model for this work is "Journal o f Composite Materials"
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factors. It is also essential that the effects of thickness and fiber orientation angle on
compression behavior o f com posite materials be known for successful structural design.
PMCs are very strong and stiff in the direction o f fibers. However, they are very
weak in the transverse direction and are therefore susceptible to transverse damage.
Incidents such as accidental tool dropping during assembly and regular inspection o f the
structures, highway debris and hailstorms may cause structural damage repeatedly during
their service life.

Damage in composite structures m ay affect not only the structural

response during loading, but it may also reduce structural strength in subsequent static
loading. Two important issues must be addressed in the design of damage tolerant
structures: the damage resistance o f the structural materials; and the damage tolerance o f
the damaged structures. The extent o f the damage is considered as a measure o f damage
resistance o f the composite structures, which can be determined by measuring damage
parameters such as dent depth, back surface crack length and internal damage area. The
damage tolerance issue relates the residual strength, residual strain to failure and residual
stiffness due to presence o f damage in the structure and is usually performed in either
tension or compression. These two parameters are interdependent and m ust be
characterized for successful structural design.
Finally, the accurate modeling o f the composite materials is a must for stress
analysis and structural design and also to predict the onset and development o f failures.
The finite element method is a desirable tool for performing such a rigorous analysis.
Far more is known about steel and concrete for structural applications than about
PMCs. While various advantages o f PMCs make them attractive for structural
applications, the size and stress gradient effects, the compressive strength and its
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variability and the damage resistance and damage tolerance o f those materials make it
difficult to design using PMCs. Without proper knowledge and thorough investigation,
the design may result in a structure that would fail prematurely. Clearly, it is necessary to
generate as much important information as possible for the survival o f the costly
structures, as well as to make the structures economical by reducing the safety factor.
This effort addresses the modeling and characterization o f pultruded composites.
While it is advantageous in many ways to use pultruded composites in structural design,
careful consideration o f prior research results m ust be employed to optimize safety and
efficiency in realistic applications. This information will afford a wealth o f knowledge
regarding various characteristics of the material, including ultrasonic measurement of
elastic constants, scaling and stress gradient effects, compressive properties and damage
resistance and tolerance due to hole and static damage. These and other characteristics
will become apparent, as will their correlations and interdependencies. With this
knowledge, designers will become adept in understanding pultruded composites, their
microstructures and various modeling issues, which will facilitate the utilization o f
realistic values for structural design and stress analysis.

1.2

Literature Review
The primary thrust o f this investigation is to characterize and model pultruded

composites. The characterization includes details, including static, vibration and
ultrasonic measurements o f elastic constants, size and stress gradient effects on tensile
strength, compressive properties measurements and the statistical strength analysis,
damage resistance due to indentation loading and damage tolerance due to open hole and
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static damage in compression. The m odeling includes the prediction o f various layers’
properties and subsequent use o f those properties for stress analysis using the finite
element method. There exists a large body o f work that addresses sim ilar issues for
various other types o f composites. However, sim ilar information on pultruded composites
is far more limited, and must becom e accessible if important design data is to be
generated.
To facilitate discussion, the literature review is subdivided into various subtitles
that reflect the areas o f investigation. O nly crucial studies are discussed, and they include
experimental details, material investigated and results to support the significant o f the
present investigation.

1.2.1

Elastic Constants of Composite Materials
Many test methods and specimen configurations have been proposed for

measuring the in-plane elastic constants o f composite materials. They are broadly
classified into static method, vibration method and ultrasonic method. In the static
method, strain gaged specimens with the axis oriented at 0°, 45° and 90° to the major
reinforcement direction are tested in static tension to establish the principal elastic
constants. In-plane shear modulus, G 12 , is difficult to measure, however, a number of
specimens and test procedures have been proposed. Some o f the proposed methods are
torsion o f a thin-walled cylinder, [±45]s coupon test, rail shear test, torsion test, losipescu
test, picture frame and 10° off-axes.

The angular dependence o f the elastic constants

(anisotropy) can be obtained by em ploying the transformation equations or by testing
specimens with different fiber orientations.

In a novel approach, Prabhakaran and
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Chermahini [4] illustrated the feasibility o f using a single specimen for measuring all the
in-plane elastic constants o f continuous glass-fiber-reinforced polym er material. The
proposed calibration specimen simulated an orthotropic half-plane under a concentrated
edge load, for which a closed-form theoretical solution was available. It was shown that
all the in-plane elastic constants could be measured by measuring the strains at selected
locations away from the loading point. The measured strains were used as input to the
close form solution proposed by Green [5], which was solved using a non-linear-leastsquare technique to determine all the in-plane elastic constants o f orthotropic composites.
Grediac et al. [6] proposed a T-shaped specimen to identify the in-plane elastic properties
o f balanced glass fabric reinforced epoxy panels from heterogeneous strain field. The Tshaped specimen was subjected to a complex stress state and the whole-filed
displacements were recorded using a suitable optical method. T he strain values were
determined from the integration o f the displacement fields. The stiffnesses such as Qx.x,
Qyy and Qss were identified with a 10-15% difference as com pared to the reference
values. However, this method could not identify Qxy accurately. Recently, Prabhakaran
and Xu [7] utilized a circular disk specimen to determine all the in-plane elastic constants
o f pultruded composites. The circular disk specimen was instrumented with a number o f
strain gages, and the specimen was compressed diametrically. The measured strains were
used along with the Okubo solution [8] to extract the in plane elastic constants by
utilizing the nonlinear least square method.

Several investigators have used vibration technique to measure the Young’s
modulus o f various composites. Tauchert and Moon [9] tested unidirectional glass-epoxy
and boron-epoxy composite specimens as cantilever beam. The specimens were excited
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using a sinusoidal oscillator and an electromagnetic transducer with a resonant frequency
as high as 17.7 kHz. A favorable agreement between the experimental and theoretical
values o f the Young’s modulus for up to ten modes was reported. However, it was
reported that Young’s modulus computed from the measured frequency decreased
slightly with increasing frequency.
measure

the elastic

modulus

Schultz and Tsai [10] used vibration technique to

and damping ratios

for a

glass-fiber-reinforced,

unidirectional composite beam over a frequency range o f 5-10000 Hz. Both the free and
forced vibrations o f the cantilever beam making angles with the fibers with the beam
longitudinal axis o f 0°, 22.5°, 45° and 90° were studied. It was found that the Young’s
modulus varied with frequency o f excitation and at lower frequencies, the moduli were
reported 7-27 percent higher than the static values.

Ultrasonic wave speed measurement has also been used to determine the elastic
constants o f composites. Through-transmission measurements, requiring access to both
sides o f a specimen, as well as single sided measurements, have been reported. In some
o f the investigations [11,12], specimens have been cut along different angles with the
major material symmetry axis, and the longitudinal and transverse wave velocities have
been measured. In other investigations, the immersion technique has been used. That is,
refraction and mode conversion at the interface have been used to generate the desired
mode at various angles through the composite. Minachi et al. [13] proposed an
acoustoultrasonic technique in which the elastic constants o f transversely isotropic
materials were deduced from the time-of-flight o f obliquely reflected echoes received by
another transducer located on the same surface o f the specimen. Smith [14] used an
ultrasonic immersion technique to measure the elastic constants o f resin-matrix
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composites fabricated from a wide variety o f carbon and graphite fibers. A 5 MHz
transducer with 0.75-in diam eter as a transmitter and a 10 MHz transducer w ith 0.5-in
diam eter as a receiver w ere used. Dally et al. [15] utilized specially fabricated transparent
and birefringent com posite model material to m easure the velocities o f the dilatational
and shear waves from a source o f dilatation in an orthotropic full-plane by dynamic
photoelastic methods. Various stress waves and their propagation velocities were
identified from isochromatic photoelastic fringes.

The ultrasonic m easurem ent techniques developed and utilized in m any o f the
investigations have been m ore scientific than engineering. In other words, they are not as
simple as the engineering methods employing electrical resistance strain gages. In effect,
the complexity o f the anisotropic and inhomogenous com posite materials has contributed
to the complexity o f the ultrasonic techniques. Zurbrick [16] and Schultz [17] reported
measurements o f com posite Young’s modulus as a function o f the fiber orientation. They
tested circular disk specimen o f 25-mm and 32-mm diameter; the wave propagation
velocities across the diameters at various angles were measured, and Young’s modulus
was determined as a function o f the angle.

Piezoelectric transducers have been used in the shear wave velocity o f soil
specimens [18-20]. Bringnoli et al. [21] used piezoelectric ceramic transducers to
measure the shear modulus o f soil specimens. Both bender and shear plate ceramic
elements were used to generate the shear wave through the soil specimens. They
discussed the advantages and disadvantages o f using bender transducers (producing
dilatational waves), and shear plate transducers (producing shear waves) with reference to
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soil testing. The interpretation o f shear waveforms generated with each transducer and
the optimum wavelength needed to obtain clear received waveforms were also discussed.

1.2.2

Stress Gradient Effects on Composite Strength

Many o f the polymer-based composites, such as continuous glass or graphite fiber
reinforced plastics, are brittle due to the brittleness o f the matrix and the reinforcement.
Therefore, such com posites are susceptible to size effects or stress gradient effects. In
other words, failure o f such materials depends not only on the level o f stress applied, but
also on the volume o f material subjected to this high stress. Two important manifestations
are the higher flexural strength as compared to the tensile strength and the higher tensile
strength as the specim en volume decreases. Such an effect has been repeatedly noted
over time for static loading o f brittle, and for fatigue loading o f ductile, single-phase
materials. Establishm ent o f a viable relationship between the flexure strength and the
tensile strength can provide a potential basis for using the flexure test in the generation of
design tensile strength.

Since the flexure tests are easy to run and are relatively

inexpensive, a large statistical database obtained with this method rather than with tensile
specimens is far m ore economical.

The W eibull statistical model has been applied to many materials, with varying
degrees o f success. W eil and Daniel [23] applied a two-parameter W eibull model, with
success, to brittle steel and ceramic materials.

Based on this success, attempts were

made to extend the two-parameter Weibull model on random orientated short-fiber
reinforced composites by Knight and Hahn [24] and on the unidirectionally fiber
reinforced graphite-epoxy composites by Bullock [25]. Excellent agreem ent between the
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measured values and the Weibull predictions for the ratio o f three-point flexure strength
to tensile strength was reported.

However, Whitney and Knight [26] performed both

three-point and four-point flexure tests in addition to tensile test for similar composites
investigated by Bullock [25]. In addition, the influence o f specimen thickness on tensile
strength was also investigated.

A significantly large variation in tensile strength and

flexure strength was reported.

The authors noted that such differences were not in

accordance with the statistical strength theories based on a uniform flaw distribution.
This discrepancy raised questions regarding the applicability o f the Weibull statistical
model for composite materials. Prabhakaran [27] pointed out the basic difference in the
structures o f composite materials (heterogeneous) from that o f ceramics materials. For
instance, while the inherent flaws in ceramic may predominantly influence the ultimate
failure, the progressive damage in composites may lead to a flaw distribution which itself
is dependent on the applied stress field.

To account for the progressive failure of

composites, Wisnom [28] proposed a model assuming unidirectional composite as a
bundle, with each element o f the bundle consisting of a number o f fibers acting together.
The num ber o f elements in the bundle was assumed to be large, their size was taken to be
uniform, and their strengths were assumed to follow a two-parameter Weibull
distribution. It was found that the fiber bundle model could predict the higher flexural
strength as similar to the classical Weibull strength model, without the need to assume
catastrophic failure initiating from the critical defects.

Jackson et al. [29] investigated the feasibility o f using a scale model for predicting
the full-scale behavior o f flat composite coupons loaded in tension and beam-columns
loaded in flexure. They performed experiments on graphite-epoxy composite specimens
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with various laminate stacking sequences and a wide range o f scaled sizes. Significant
scale effect on strength was reported. The scale effect was analyzed using a Weibull
statistical model and a fracture mechanics based model. The Weibull statistical model
was reported to be better in correlating with the experim ental results for both the tensile
and flexural strength data than the fracture mechanics based model. Kellas and Morton
[30] studied the strength scaling o f graphite-epoxy com posite laminates with four
different layups and various scaled sizes.

They reported nearly an 83% increase in

strength in lA -size specimens as compared to the full-scale size specimens for matrix
dominated specimens.

In contrast, the strength o f the %-size specimens o f the fiber-

dominated layups was m easured to be only 7% higher, as compared to full-scale size
specimens. According to Kellas and Morton [30], full-scale strength was overestimated
by the Weibull model and was underestimated by the fracture mechanics based model.
Recently, O ’Brian and Salpekar [31] investigated the scale effect o f AS4/3501-6
graphite/epoxy unidirectional com posites in the transverse direction by conducting tensile
tests, three-point bend tests and 0° curved beam-bending tests. They found that the
matrix-dominated strength varied with the volume o f test material, with the strength
decreasing as the volume o f the test material increasing. The transverse strength data
were used in a volumetric scaling law based on Weibull statistical model to predict the
transverse strength loaded in three-point bending. The transverse strength and the out-ofplane interlaminar tensile strength from curved beam bending tests were compared, and
significant scale effects on matrix-dominated composites w ere reported.
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1.2.3 Compressive Properties of Composite Materials

The com pressive properties o f fiber-reinforced composite materials have been the
subject o f investigation since the early 1960’s. This is because polym eric matrix
composites are inherently weaker in com pression than in tension [33].

In addition,

compressive properties o f composite materials are very difficult to measure [34]. This
difficulty is due to the m aterial’s strong tendency for premature failure due to geometric
instability, local end crushing or local end brooming. Several complex loading fixtures
and specimen configurations have been developed to address these prem ature failure
modes for fiber-reinforced composites [35-40]. The compression test itself is sensitive to
many experimental parameters such as alignm ent, specimen geometry, load introduction,
stress concentration, buckling stability and specimen end crushing [41]. Piggott and
Harris [43] investigated the compression behavior o f a series of unidirectional composites
reinforced with carbon, glass and Kevlar fibers in polyester resins, in the form o f
pultruded rods. The degree o f cure o f polyester resin, as well as various fiber volume
fractions in com pressive strength was also studied. The test specimens were 30-m m long
and 6-mm diameter. A good correlation with the rule o f mixture up to a lim iting volume
fraction o f 0.31 for strength and of 0.46 for m odulus was reported. Beyond this point, the
compressive strength o f the reinforced polyesters was found to be proportional to the
matrix yield strength.
Shuart [44] investigated the effect o f stacking sequences on com pressive strength
and compressive failure mechanisms o f graphite-epoxy composite laminates. Specimens
44.5-mm long, 38-m m wide and 6.3-mm thick were tested using a short-block
compression test fixture.

The laminate’s com pressive strength and the failure modes
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were compared w ith the proposed non-linear theory. Good agreement was found between
the analytical and experimental results for 0<45-degree, and excellent agreement for
0>45-degree. The dominant compression failure modes were reported to be interlaminar
shearing, in-plane matrix shearing and matrix compression.
Tomblin [45] developed a compressive strength model for unidirectional
pultruded glass fiber reinforced composites. The author measured the compressive
strength o f pultruded rod specimens from various sources to verify the model. The model
included the fiber misalignment and the composite shear response. The compression test
specimens were 38-mm long with a diameter o f 9.3-mm, and were tested using the direct
end-loading fixture. The model prediction was reported to be a close approximation of
the true compressive strength. The author also pointed out that the model required
accurate characterization o f the shear response and the fiber misalignment angle to
accurately predict compressive strength.
Morttram [46] measured the compressive strength o f pultruded E-glass fiber
reinforced flat sheet materials. The test specimens were 70-mm long, 20-mm wide and
6.3-mm thick. The specimens were tested in the direction o f pultrusion and transverse to
the pultrusion direction. A compression test rig and test procedure was developed to test
the composite specimens in compression. O ver 100 specimens were tested to analyze the
compressive strength data statistically, and the corresponding design allowables were
determined. The design allowable strength was determined using a lognormal, a normal
and a Weibull distribution. It was reported that the design allowable strength was 25%
higher along pultrusion direction and 12% higher along transverse direction when
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compared to manufacturer’s allowables. The rreport did not include the effect o f thickness
and fiber orientation angle on compressive stre n g th and the failure modes.
Hsiao et al. [47] developed a new ttest method to determ ine the compressive
properties o f thick composites. The test fixtlure was designed based on the concept o f
transmitting the initial load through the tabs t»y shear loading and thereafter engaging the
ends to apply the additional load until thae point o f failure by end loading. The
compressive strength o f unidirectional graphiite-epoxy specimens o f 16-, 48- and 72-ply
was measured. It was reported that the m e a su re d strength was the highest among the
published data for similar composites. It was aalso stated that the test fixture could be used
to test specimen as low as 10-plies. How ew er, the researchers also suggested further
investigation o f the timing o f end-loading emgagement so that the highest compressive
strength could be measured.
Haque et al. [48] studied the in flu en ce o f long-term m oisture exposure and
temperature on the compressive properties cwf T-300/epoxy and APC-2 composites. A
temperature range o f 23-100°C was considered. The specimen was soaked for up to 360
days. Both experimental and finite elem ent ^studies were perform ed to analyze failure
mechanisms. An IITRI test fixture was used for compression test and the layered shell
element based on the first-order shear-defcormation was used in the finite element
analysis. Good agreement was reported b etw een the experimental and FEM results.

1.2.4

D am age Resistance and D am age T oU erance of C om posites
Damage resistance o f composites is

usually perform ed either at low-velocity

impact loading or at static indentation loadimg. The former is very difficult to perform
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and requires sophisticated instruments as compared to the static indentation test.
Moreover, much more data may be obtained from a static test than from an impact test.
Damage tolerance o f com posites is usually performed by testing composite specimens
w ith damage and/or hole in tension and/or in compression. One important aspect of
damage tolerance study is that the residual properties o f the damaged structures must be
predicted based on the known damage parameters upon inspection. It is also important to
correlate the residual properties o f the damaged structures with the structures having
holes to determine the "equivalent hole-diameter" o f the damaged structures. This is
because analytical tools are available to model and predict the strength o f the specimen
with hole, whereas it is very rigorous task to model dam aged structure to predict the
residual strength.
A number o f studies have been conducted w ith actual impact loading to
characterize the damage, while many researchers have dealt with quasi-static indentation
loading and its correlation with transverse impact loading. Impact damage in composites
is generally very com plex. Impact damage appears in multiple forms o f damage
mechanisms such as m atrix cracking, delamination and fiber breakage. This can occur at
different stages during transverse loading and is also likely to be due to different stress
components, so that these mechanisms may interact am ong themselves w ith one or two
being dominant. The nature and extent of these damage mechanisms are affected, to
different degrees, by a large number o f parameters such as shape and mass o f the
impactor, impact velocity, types o f fibers and matrix, interfacial treatment, fiber volume
fraction, layup, laminate geometry and boundary conditions.
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Tan and Sun [52] measured the contact stiffness for graphite-epoxy composites
using static indentation testing. The measured stiffness was fed into the finite element
program to study the dynamic response o f a composite plate subjected to transverse
impact from a hard object.

It was shown that the predicted strain response using the

finite element method agreed very well with the experimental results.

It was also

reported that the finite elem ent solution for the contact force history m atched very well
with the measured contact force obtained using an impact-force transducer.
Lee and Zahuta [53] conducted instrumented impact and static indentation tests of
graphite-epoxy composites o f various fracture toughness. The impact behavior, defined
by impact force, damage size and energy absorption, was found to be sim ilar to the static
indentation response. It was reported that the damage growth process, during impact as
the force surged to its maximum value, could be visualized from the static indentation
damage induced at incrementally increased force levels. Delamination impact damage
was found to be dependent on laminate fracture toughness. It was mentioned that simple
mode I or mode II delamination was not sufficient to describe all the possible failure
modes involved in impact or in compression after impact tests.
Wu and Shyu [54] studied the response o f graphite-epoxy composites to contact
loads and its relationship to low-velocity impact. Various indentor sizes and laminate
stacking sequences were included in the study. Good agreement in term o f strain response
was found between the contact load and the low-velocity impact load when the vibration
effect was neglected.

Vibration can cause the strain values to oscillate under low-

velocity-impact test condition. The laminate stacking sequence and indentor size were
found to produce an insignificant effect on the force-indentation relationship.
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modified Hertz law was found to be inappropriate for thin laminates indented by large
indentors.
Wardle and Lagace [55] conducted impact and quasi-static indentation tests on
plate and shell graphite/epoxy specimens to investigate whether the dent depth could be
used as an impact damage metric for thin composite structures. Surface damage, in the
form o f dent depth, was compared with internal damage, and no correlation between the
two was found.

Furthermore, no correlation was found between the dent depth and the

peak force. The applicability o f dent depth as a measure o f damage resistance for thin
composites was questioned, and it was concluded that the use o f dent depth as a metric
could be misleading.

Particularly, no dent depth was found in some cases where

substantial subsurface damage was observed, and wherein substantial dent depth was
found with no corresponding internal damage. The researchers show ed in their previous
work that the peak force correlated with the resulting internal damage for both shell and
plate specimens.
Zhou [56] investigated the damage resistance and damage tolerance o f woven
roving E-glass-poly ester and S-glass-phenolic laminate systems through instrumented
drop-weight impact testing, ultrasocin C-scan, and CAI testing. The author pointed out
that an experimentally determined impact force could be used as a measure o f damage
resistance and tolerance o f composite structures. It was also demonstrated that the ratio o f
threshold impact forces could be used as an alternate method to measure o f residual
compressive strength for damage tolerance assessment.

According to the author, this

method could provide a rapid and inexpensive technique, without resort to complex and
expensive CAI tests.
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Kwon and Sankar [57] conducted the static-indentation-flexure and low-velocity
impact tests on simply supported circular graphite/epoxy laminated plates. Two different
radii indentors, three laminate configurations and three different plate radii were
considered. The load-deflection curves for the static and impact loading were found to be
very similar. It was reported that the impact force history and delam ination area in
composite laminates due to low-velocity impact could be predicted from few staticindentation-flexure tests.
Suemasu et al. [58] proposed a simple and consistent indentation theory for
transversely isotropic plates to estimate contact force. The predicted results agreed well
with the experimental results completed by Tan and Sun [52] and w ith the finite element
results. It was concluded that the effect o f the plate thickness on the indentation stiffness
could be neglected when the plate became thinner and/or the load was larger. The effect
o f the in-plane stiffness on the indentation stiffness was not found to be significant.
Wu and Chang [59] investigated the effect o f the loading rate on E-glass/epoxy
woven composite laminates subjected to quasi-static contact and im pact load. Various
impactors’ masses and loading rates up to ballistic range were studied. Significant
loading rate effects were observed when com paring the laminates loaded quasi-statically
to those struck by projectiles with varying masses. These effects included differences in
the impact force history, an increase in peak force and absorbed energy and a completely
different delamination damage pattern. It was concluded that the effect o f the loading rate
for composite laminates reinforced by glass fibers could not be overlooked.
Choi and Chang [60] developed a model for predicting the initiation o f the
damage and the extent o f the delaminations in graphite/epoxy lam inated composites
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resulting from the impact. Experiments were also performed to verify the model and
computer simulations. It was concluded that there existed a threshold impact velocity
below which there was no delamination. Delamination growth was found to be governed
by the interlaminar longitudinal shear stress, the transverse in-plane stress in the layer
below the delaminated interface and the interlaminar transverse shear stress in the upper
layers immediately above the interface.
Starnes et al. [61] investigated the effect o f low-velocity impact damage and
circular holes on the compressive strength o f a 48-ply orthotropic graphite-epoxy
laminate. It was reported that, for holes, delamination occurred near the hole boundary
when the applied strain was sufficiently high to cause local failure, whereas, delamination
occurred on impact for sufficiently high impact speed or energy regardless o f the applied
strain level. It was concluded that, because o f this difference between holes and impact
damage, the use o f hole strength data to predict impact-damage strength might be
questionable.
Shuart and Williams [62] investigated the compressive failure mechanisms and
the compressive behavior o f AS4/3502 graphite-epoxy composite laminates with a
circular hole and an impact damage. The laminates were ±45° and ±45°, dominated with
various percentages o f 90° plies through the thickness. The compressive failure
mechanism for the ±45° dominated laminates with a hole was found to be different from
the failure mechanism for the ±45° laminates with a hole. In-plane shearing between fiber
and matrix were found to be the prim ary compressive failure mechanisms for all ±45°
laminates. The failure mechanisms for the ±45° dominated laminates with hole were
observed to be a combination o f delamination and matrix shearing. The failure
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mechanisms for both ±45° laminates and the ±45° dominated laminates were unaffected
by impact damage. The failure mechanisms for impact-damaged laminates were
dominated by delamination and matrix shearing.
Chamis and Ginty [63] described the simplified predictive methods and model to
evaluate structural durability and damage tolerance o f polymeric matrix composites. The
model allowed for fatigue and fracture with and without defects, impact resistance and
residual strength after impact, thermal fatigue and combined stress fatigue. Several
examples were discussed to illustrate the application o f the theory and to identify
significant parameters and sensitivities.
Kim et al. [66] evaluated the damage tolerance o f carbon fiber-reinforced
composites containing unmodified and rubber-modified epoxy resin using a sectioning
technique. The residual strength and modulus were measured in flexure, and the residual
stiffness and the mode I interlaminar fracture toughness were determine in DCB tests. It
was demonstrated that the residual mechanical properties for all composites with rubbermodified matrices were better than those o f the unmodified matrices, in varying degrees
in the test method and test specimen locations.
Soutis [65] measured compressive strength for a wide range o f T800/924C carbon
fiber-epoxy multidirectional laminates containing circular hole, with the proportion o f 0°
plies varying from 17% to 67%. It was observed that failure stress was generally well
above the value one might predict from the elastic stress-concentration factor. The author
believed that the composite material is not so brittle and some stress relief occurs around
the hole. X-ray radiography revealed that damage was in the form o f 0° fiber
microbuckling, delamination and matrix cracking. The damage growth and failure were
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analyzed by a new fracture m odel [66] in which damage around the hole was represented
by a through-thickness crack. It was reported that the model successfully predicted the
notched strength o f various multidirectional lay-ups and a w ide range o f hole sizes.
Lessard and Chang [67-68] investigated the dam age tolerance o f laminated
composites containing an open hole and subjected to com pressive loading. A progressive
damage model was developed to predict the damage growth. The model was based on
finite deformation theory w ith consideration o f material and geometric nonlinearities.
The extent o f damage in the material was predicted by a failure analysis, which included
a set o f proposed failure criteria and material degradation m odel. Good agreement was
reported between the prediction and the experimental test results.
Rodes et al. [69] conducted an experimental study to evaluate the effect o f panel
width on the compressive strength o f 48-ply graphite-epoxy laminates with holes. The
parameters for the point-stress failure criteria were evaluated to predict the compressive
strength. Good agreement was obtained between the experim ental and predicted values o f
failure for panels o f different widths. The test results included panels with machined
cracks, with punched holes and with drilled holes. The param eters were shown to have an
upper limit given by the reduction in specimen cross-sectional area and a lower limit
given by the effect o f stress concentration.
Saha [70] investigated the impact performance and dam age tolerance o f woven
carbon fiber-reinforced com posite panels with various degree o f resin toughness.
Dynatup drop weight instrum ented impact test and Boeing BS7260 type compression
after impact (CAI) fixture was adopted. Numerical analysis based on Hertz contact law
with various damping was also performed to predict the dam age in the structure.
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Very limited inform ation is available related to pultruded composites. Recently,
W isheart and Richardson [71] investigated the low-velocity impact response o f pultruded
glass/polyester com posite shapes. The impact behavior was evaluated using instrumented
falling weight impact testing in conjunction with ultrasonic C-scan, optical microscopy
and thermal deply techniques to detect delamination, m atrix cracking and fiber breakage.
A pultruded box-section consisting o f three- or five-box was tested. An important
transition in impact response was observed when the im pact site was varied from
between webs (simple geometry) to impact over or near a web (complex geometry). The
impact site near the web dominated by remote damage at the locations o f stress
concentration. For the later case, the damage sites were unpredictable.

1.3

Objectives and Scope of the Study
While steel and concrete have been tested and analyzed in great detail to

determine the reliability o f the structures, far less has been done regarding pultruded
composites. It is necessary to generate material behavior, such as elastic and strength
properties, stress gradient on tensile strength, statistical analysis, damage resistance and
damage tolerance. W ith this information, designers can effectively determine necessary
materials, the inspection required and anticipated life o f the structure. Finally, modeling
o f pultruded composites is necessary for stress analysis and design o f an optimum
structure. Through this research, a wide body o f information will be available to the
designer regarding pultruded composite, their structure, properties and modeling.
The present investigation covers the complete mechanical characterization and
m odeling o f pultruded composites. This includes developing o f ultrasonic test procedure
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to measure the elastic properties, the stress gradient effects on tensile strength,
compressive behavior, damage resistance due to transverse loading and damage tolerance
due to hole and damage in compression. The details o f each investigation, including
methods and procedures, are discussed in subsequent chapters.

Chapter II describes the details o f pultruded composites: their construction, the
lay-up sequences and the percent of glass in each layer for various thicknesses of
pultruded composite sheets investigated.

Chapter III describes the various techniques for measuring o f elastic constants of
composite materials. Both static, vibration and ultrasonic methods are discussed. The
ultrasonic technique includes the construction o f E-crystals and G-crystals, the
experimental set up and data reduction. Both bar and disk specimens are utilized. Finally,
the procedures to extract all the elastic constants utilizing a circular disk specimen from
the ultrasonic measurements are described.

Chapter IV describes the size effect and stress gradient effect on tensile strength
o f pultruded composites. This includes the detailed procedure for tension, 3-point and 4point flexure tests. A 2-parameter Weibull statistical model and the prediction o f the
tensile strength from flexure test data are also discussed. The failure modes and
microstructural exam ination are also discussed.
Chapter V describes the compression testing o f pultruded composites. The
compression test fixture and the test procedure are also described.
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thicknesses and fiber orientation angle is included. Compressive failure modes are
discussed to determine the failure initiation. Pultruded composites are m odeled to predict
the constituent layers’ properties for the finite element study. Stress-strain response is
predicted and com pared to experimental data.

The stress distribution through the

thickness and across the w idth is also described.
Chapter VT describes the quasi-static indentation testing to characterize the
damage resistance o f pultruded composites. The damage param eters are measured and a
correlation among them is discussed. The contact force-indentation relationship is also
established experim entally and compared with modified Hertz law. The end-gripped
compression test fixture utilized in damage tolerance characterization is also described.
Damage specimens and specimens with hole are tested in com pression to determine the
"equivalent-hole specimen" o f the damaged specimens. Finally a correlation between
damage parameters and the "equivalent-hole-specimens" is established that can be used
as a measure o f dam age resistance and damage tolerance o f pultruded composite
structures.
Chapter VII summarizes the findings at each phase o f the investigation and
presents conclusions about the material’s elastic properties, stress gradient effects,
compressive properties as function o f orientation and thicknesses and the damage
resistance and damage tolerance capability o f this class o f pultruded composites.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

25

CHAPTER H

TEST MATERIAL - PULTRUDED COMPOSITE

The material tested in this investigation is E-glass fiber-reinforced polymer
(GFRP) matrix pultruded composite. The material was m anufactured by Creative
Pultrusions o f Alum Bank, PA [1]. The trade name is Pultrex-1500. The matrix material
is isophthalic polyester. The pultruded composite consists o f layers o f unidirectional
roving fibers in the direction o f pultrusion sandwiched between layers o f continuous
strand mats (CSM). The construction o f a typical pultruded composite sheet is shown in
Figure 2.1. It can be seen from Figure 2.1 that the sheet consists o f three types o f layers:
(1) a thin layer o f randomly orientated chopped fiber (Nexus) veil placed on both the top
and bottom surfaces. This is a resin-rich layer, primarily used as a protective coating, and
its contribution to the laminate response can be neglected; (2) a continuous strand mats
(CSM) layer, consisting o f randomly oriented continuous fibers w hich improve the
stiffness and strength in their planes; (3) a roving layer. The roving layer consists o f
unidirectionally aligned continuous fiber bundles that contribute the stiffness and strength
in the pultrusion direction. The pultruded com posite is available in different thickness
and in different shapes. In this investigation, the pultruded composite sheets o f 3.2-mm,
6.3-mm and 12.7-mm thickness are chosen. Devara [73] has determ ined experimentally
the make-up o f the pultruded composite sheets. The lay-up configuration and percent
glass content are shown in Figure 2.2 for 3.2-m m thickness, in Figure 2.3 for 6.3-mm
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thickness and in Figure 2.4 for 12.7-mm thickness. It can be seen from those figures that
the 3.2-mm thick sheet contains three CSM layers and two roving layers through the
thickness. In the 6.3-mm and the 12.7-mm thick sheets, it can be seen that some o f the
CSM layers are made up from a combination o f fine and coarse CSM layers. The 6.3mm thick sheet has two roving layers sandwiched between five CSM layers o f which one
is fine and four are coarse. While the 12.7-mm thick sheet has four roving layers
sandwiched between nine CSM layers o f which three are fine and six are coarse. The
compositions o f the constituent layers o f the pultruded composite sheets investigated are
summarized in Table 2.1. It is interesting to note that the 6.3-mm thick sheet has the
highest amount o f total glass, while the 3.2-mm thick sheet has the lowest amount o f total
glass. However, the roving is found to be highest for the 3.2-mm thick sheet and to be
lowest for 12.7-mm thick sheet. The total CSM is found to highest for 12.7-mm thick
sheet and to be lowest for 3.2-mm thick sheet.
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Figure 2.1: Structure o f a pultruded com posite sheet:
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Figure 2.2: Lay-up for 3.2-mm thick GFRP pultruded composite
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Figure 2.3: Lay-up for 6.3-mm thick GFRP pultruded composite
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Figure 2.4: Lay-up for 12.7-mm thick GFRP pultruded composite
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Table 2.1: Compositions o f the constituent layers o f the pultruded composite o f
different thicknesses

Glass fiber reinforcement

Sheet thickness
3.2-mm

6.3-m m

12.7-mm

Total glass in composite, percent

54

60

58

Roving as a percent o f total glass

50

42

36

CSM as a percent o f total glass

50

58

64

Coarse CSM as a percent o f total glass

-

45

46

Fine CSM as a percent o f total glass

-

13

18
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CHAPTER HI

ULTRASONIC MEASUREMENT OF ELASTIC CONSTANTS

3.1

Introduction
M easurement o f elastic constants of fiber-reinforced composites is an important

part o f their mechanical characterization. M any test specim en configurations and test
methods have been used for measuring the elastic constants o f composite materials. In
this investigation, elastic constants o f a pultruded com posite sheet with a thickness of
6.3-mm were measured. Pultruded composites are mainly unidirectional and hence can be
treated as orthotropic composites. Thus, only five independent in-plane elastic constants
need to be determined. These are Ei, E 2 , V12 , V21 and G 12 , where 1- and 2- refer to the
longitudinal (along the pultrusion direction) and transverse (perpendicular to the
pultrusion direction) material-symmetry axes respectively.

In view o f Maxwell’s

reciprocal relationship involving the two Young’s moduli and the two Poisson’s ratios,
the num ber o f fundamental elastic constants can be considered to be four. The effort
described in this chapter is focused on the measurement o f all the required inplane elastic
constants o f the pultruded composites. Three different m easurem ent techniques, namely,
static, vibration and ultrasonic are utilized. The main objective o f this phase o f the study
is to utilize ultrasonic technique to measure all the inplane elastic constants using a single
specimen configuration. The static and vibration test m ethods are chosen to generate the
baseline properties for the ultrasonic method.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

33

3.2

Test Specimens and Experimental Procedure

3.2.1

Static Measurements
Tensile specimens, with their axes making different angles with the material

symmetry axes and instrumented with electrical resistance strain gages, were used to
measure the elastic constants o f pultruded composites. The test specimens were 305-mm
long, 25-mm wide and were cut from a pultruded sheet o f 6.3-mm thickness.

Seven

specimens, with their axes making 0° to 90° in increments o f 15° with the pultrusion
direction, were prepared.

The specimens were instrumented with strain gages (both

longitudinal and transverse directions) and tested in static tension. The load and strain
gage data were collected using a WIN5000™ data acquisition system. The test data were
then processed, and the Young’s modulus and the Poisson’s ratio as a function o f fiber
orientation angle were determined.

The shear modulus, G 12 was determined from

measured value o f Ee (i.e., 0=45°) and the transformation equation given below:

— cos 2 # sin 2# + — sin 4 <9.
Eg

Ex

E\1 Jy

(3.1)

E1

where Ee is the Young’s modulus measured in the 0 direction.

Having obtained Ei, E 2 , V12 and G 12, the shear modulus (Ge) values for the other
angles between 0° and 90° at 15° intervals were calculated based on the transformation
equation given below:
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Vibration Measurements

Seven bar specimens, sim ilar to those described in the static measurements, were
tested as a cantilever beam. The specimens were excited by an impulse force using a softtipped instrum ented hammer near the clamp, and the strain gage was used to acquire the
flexural response due to the impulse excitation. The impulse excitation was chosen to
excite the beam at higher modes to study the effect of frequency on Young’s modulus as
a function o f fiber orientation angle. In this experiment, only three modes were excited.
The strain gage was connected to a Vishay signal conditioning unit P-3500, and the
output o f the signal conditioner was fed into a dual channel real-time oscilloscope
(Tektronix TDS340) with a built-in FFT (Fast Fourier Transform) module. A schematic
diagram o f the vibration test setup is shown in Figure 3.1. The experimental time-domain
data were averaged and transformed into frequency-domain using FFT. The natural
frequencies were recorded and the dynamic Y oung’s modulus was determined using to
following relation:

Iaz

(3.3)
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where p. is the mass per unit length, L is the length o f the beam, I is the moment o f
inertia, f n is the natural frequency and an are the n* m ode o f eigen values o f the
frequency equation governing the flexural vibration (e.g., for a cantilever beam, ai=3.52,
. = 2 2 .4 ,

0 2

03

= 6 1 . 7 etc.). The length-to-thickness ratio o f the specimens investigated was

36; therefore, the dynamic m odulus calculated from equation (3.3) was corrected by
multiplying a correction factor, c. The correction factor proposed by Timoshenko for the
isotropic beams was m odified for the orthotropic com posites as:

c=
24L~

l+0.833Gq

.(3.4)

where t is the thickness o f the specimen and Ge is the shear modulus (obtained from the
static measurement).

3.2.3

Ultrasonic Measurements

3.2.3.1 Piezoelectric Crystals

Two types o f piezoelectric ceramic crystals w ere used. A PZT-5B Bimorph,
manufactured by M organ M atroc, was used to generate and receive a dilatational wave
(P-wave). The PZT-5B crystals are referred as the E-crystals throughout the study and
were used to measure the Y oung’s modulus. These crystals have also the capability to
produce the shear wave (S-wave), and with proper orientations, they can be used to
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m easure the shear modulus. A PZT-C1600 soft crystal, manufactured by A ura Ceramics,
was used to produce and detect the shear wave. The PZT-C1600 crystals are referred as
the G-crystals throughout the study and were used only to measure the shear modulus.
Both the crystals were approximately 10-mm square and 0.6-mm thick. A schematic
diagram o f the E-crystal and the G-crystal, showing the transducer motion and the plane
o f wave propagation, is shown in Figure 3.2.

3.2.3.2 Calibration of the Crystals

Due to the experimental difficulties encountered with the E-crystals to measure
the Y oung’s modulus for the steel and the aluminum specimens, a polycarbonate sheet o f
thickness approximately 1-mm was glued with a two-part epoxy. This difficulty was due
to the fact that the steel and the aluminum specimens are conductive; therefore, and thus
the signals were transmitted electrically to the material. This made the receiving signal
difficult to analyze. Thus, the calibration o f the ultrasonic system is necessary so that any
delay time introduced in the measurement by the electronics, ceramic crystals and
backing materials can be determined.

Calibration is carried out by placing the two

sim ilar crystals in direct contact with appropriate coupling agent and measuring the time
interval between the initiation o f the electrical impulse sent to the transmitter and the
initial arrival o f the waveform recorded at the receiver using peak-to-peak method. The
calibration time (tc) for the E-crystals was found 8.5 ps and for the G-crystals was found
0.5 (us. Typical waveforms for the calibration o f the E-crystals measurement system are
shown in Figure 3.3.
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3 .2 3 3 Measurements Technique

Direct-transmission measurement technique was used to m easure the ultrasonic
wave velocities. The crystals were positioned on the opposite faces o f the test specimen
through a coupling agent. The transm itter crystal was excited with a single-frequency
sinusoidal pulse produced by a function generator (Hewlett-Packard HP 8111 A). The
ultrasonic wave was transmitted through the material and was then detected by the
receiver crystal. Petroleum jelly and paraffin wax were used as coupling agents for the
E-crystals and the G-crystals respectively. The pulse amplitude o f 16.6 V peak-to-peak
was used in all measurements due to the limitation o f the function generator. The
optim um frequency o f excitation, which depends on the type o f crystal and the size o f the
specimen, was chosen such that the ratio o f specimen length to the wavelength was at
least 3 to 4. The reason was to eliminate an y near field effect that may cause distortion of
the received signal.

The range o f the resonant frequencies for the E-crystals was 25-65

kHz and for the G-crystals was 45-105 kHz. All ultrasonic measurements were performed
at a frequency for which a clear arrival signal was obtained. A schematic arrangement of
the ultrasonic test setup is shown in Figure 3.4.

The wave propagation velocity w as calculated from the distance between the two
crystals and the actual time required by the wave to travel this distance as below:

..........(3.5)
rs (Q )orrL(6) = —
t-t„
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where Vs(0) and V[_(0) are the propagation velocities o f the longitudinal waves (P-waves)
and shear waves (S-waves) respectively. L is the distance between the two crystals and
(t-tc) is the actual time required by the wave to cover this distance. The propagation
velocities o f the P- and S-waves are related to the Young’s modulus (Ee) and the shear
modulus (Ge) according to the following equations:

Eq = ^ 2(0)p..........0 -6 )

£e

= ^ 2( 0 ) p ( l - v 0V0+9O)........... ( 3 . 7 )

Ge = ^ 2(0)P.......... (3.8)

where p is the mass density o f the material and v0 and V0 +9O is the m ajor and minor
Poisson’s ratios respectively for the angle specimens. Equation (3.6) can be used only
when the specimen dimension can be treated as 1-D. For 2-D specimen, equation (3.8)
can be used.

3.2.3.4 Validation of the Ultrasonic Measurements

Three bar specimens, 305-mm long, 25-mm wide and 6.4-m m thick, were made
from aluminum, steel and polycarbonate to validate the ultrasonic measurements.
Y oung’s modulus and the shear modulus were measured and com pared with the reference
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values. Table 3.1 shows the measured Young’s modulus and shear modulus for all three
materials using E- and G-crystals.

It can be seen from Table 3.1 that the measured

properties are very close to the reference values (differences less than 5%).

This

indicates that the ultrasonic technique is very accurate for m easuring the elastic constants.

3.2.3.5 Pultruded Composite Test Specimens

In the present investigation, seven bar specimens, each 305-mm long and 25-mm
wide, with 0=0° to 90° in 15° increments with the pultrusion direction, were prepared.
Apart from bar specimens, three circular disk specimens o f 305-mm, 75-mm and 25-mm
diam eter were also prepared. Piezoelectric crystals were positioned on the opposite faces
o f the bar specimens and at the opposite ends o f the diam etral lines marked at different
orientations on the circular disk specimens. The velocity o f the P-waves and the S-waves
were measured and Young’s modulus and shear modulus were determined.

3.2.3.6 Repeatability and Effect of Frequency

The repeatability tests were performed to determine any error introduced during
any ultrasonic measurement at a particular frequency. The results o f the repeatability tests
performed at a frequency o f 40 kHz is shown in Table 3.2. It can be seen from Table 3.2
that the measured time o f travel is fairly repeatable. The effect o f frequency on ultrasonic
measurements utilizing both the E- and G- crystals were also studied. The purpose o f this
study was to determine the best experimental frequency to be used for the ultrasonic
measurement such that the P-waves and the S-waves can be received clearly. Table 3.3
shows the effect o f frequency on measuring the time o f travel using the E-crystals. The
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ratio o f specimen length to the wavelength at each frequency is also in clu d ed . It can be
seen from Table 3.3 that the measured travel time is fairly constant fo r a wide range of
frequency studied.

3.2.3.7 Typical Recorded Waveforms

The typical P-waveforms o f the ultrasonic measurement are shovwn in Figure 3.5.
It can be seen from Figure 3.5 that the received P-waveform is very •clear and easily
identifiable.

Identification o f the P-waves was never a problem durin.ig the ultrasonic

measurements. This is because P-waves are the fastest propagating wav*es and therefore
the first ones to reach the receiver. In contrast to the P-waves, the S -w a v e s ’ detection
requires more care in signal analysis. Care is necessary because the w av efo rm at the
receiver is not only composed o f the shear waves but also the P -w aw es.

The shear

waveform is even more complex for the E-crystals as compared to the G-ccrystals. Typical
shear waveforms using the G-crystals and the E-crystals are shown in F ig u re s 3.6 and 3.7
respectively. It can be seen from both the figures that the received s h e a r waveform
consist o f P-waves and S-waves. The amplitude o f the P-waves was foum d be very small
as compared to the S-waves that in turn made the detection o f the S -w a v e s easier.

3.3 Results and Discussions

3.3.1

Measurement of Young’s Modulus
The variation o f Young’s modulus as a function o f fiber o rien tatio n angle

measured from the static tension test, the vibration test and the ultrasonilc test using bar
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specimens is shown in Figure 3.8.

In vibration test, the dynamic Young’s modulus

plotted for three modes show very little variation, show ing the efficacy o f the correction
factor. These values are higher than the static values, especially for the larger angles.
Young’s m oduli measured using ultrasonic technique are greater in magnitude than the
values obtained from the static test, for all fiber orientation angles. At larger angles, the
ultrasonic measurements agreed well with the results obtained from the vibration tests.
The variation o f Young’s modulus measured from the ultrasonic tests utilizing the
disk specimens o f 305-mm, 75-mm and 25-mm diam eter is shown in Figure 3.9. For
comparison purposes, the bar static results are also plotted. The Young’s modulus for all
the disk specimens was calculated from the 1-D wave propagation equation (equation
3.4), neglecting the effect o f Poisson’s ratio. It can be seen from Figure 3.9 that the
results for the bar, 75-mm and 305-mm disks are close to each other while the Young’s
modulus obtained from the 25-mm disk specimen are significantly lower. The static bar
results are low er than the piezoelectric results obtained w ith the 305-mm bar, 75-mm and
305-mm disk specimens, but are significantly higher than the piezoelectric results
obtained with the 25-mm disk specimen. This suggests that the 25-mm diameter disk is
not a satisfactory specimen for the ultrasonic measurements.

In fact, the 25-mm disk

specimen is too small to position and align the E- and G-crystals with the line marked
diametrically. On the other hand, the difference between the static results for the bar on
one hand and the piezoelectric results for the bar and the 75-mm and 305-mm disks can
be explained on the basis o f the dynam ic effects in the ultrasonic tests; the dynamic
modulus o f the polymeric materials (and polymer based composites) is higher than their
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static modulus. Another reason could be due to neglecting the effect o f Poisson’s ratio in
determining the Young’s modulus for the disk specimens.

3.3.2

Measurement of Shear Modulus using G-Crystals
In the case o f fiber-reinforced composites, the use o f G-crystals appears

straightforward as long as a sufficiently high voltage signal can be applied at the required
resonant frequency o f the crystals. In the present investigation, a pulse amplitude o f 16.6
V peak-to-peak was used due to the limitation o f the function generator. This voltage was
found sufficient for the E-crystals. However, the voltage was found insufficient for the Gcrystals; therefore, these required an amplifier. The only am plifier available was designed
for a gain o f 6 at 13.5 kHz. The resonant frequencies o f the shear transducers were much
higher than

13.5 kHz and there was practically no gain at these frequencies.

Consequently, the transmitted shear signals were very sm all and hard to detect, especially
for the 305-mm long specimens due to energy dissipation. Thus, bar specimens o f 75-mm
long and the disk specimens o f 25-mm and 75-mm in diam eter were tested with the Gcrystals for measuring the shear modulus.

The variation o f the shear modulus (Gg) as a function o f fiber orientation angle is
shown in Figure 3.10. For comparison purposes, the Gg values obtained from the static
measurements on strain gaged specimens (applying the transform ation equations) are also
shown. From this figure, it can be seen that the results for the 25-mm diameter disk are
the lowest almost for the entire range o f 0, while those for the 75-mm disk are the
highest. The results obtained for the 75-mm bars are the closest to the strain gage results.
It should be noted that all the curves show the same trend and are in a fairly narrow band.
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Measurement o f Shear Modulus using E-Crystals

3 .3 3

As mentioned earlier, because o f the experimental limitations, a sufficiently large
amplitude shear wave signal could not be transmitted from the G-crystals through the
composite specimens at the desired resonant frequencies. This drawback resulted in a
restriction on the size o f the specimen that could be tested; the length o f the bar and the
diameter o f the circular disk specimen were limited to 75-mm. Even for these small size
specimens, the amplitude o f the transmitted signal was small; this resulted in some error
in the measurement o f the time o f travel o f the shear wave.
In order to improve the amplitude o f the transmitted shear wave signal and to
increase the size o f the specimen which could be tested, in the absence o f a suitable
amplifier, it was decided to use the E-crystal itself to transmit the shear waves in its own
plane. It is recognized that a ceramic element that mainly produces shear displacements
will also generate small compressive displacement [21]; transducers consisting o f
transverse-expansion mode E-crystals have been used to generate and detect shear waves
[18-20].
In this phase o f the study, seven pultruded bar specimens o f 305-mm long, with
the angle between the bar axis and the pultrusion direction varying from 0° to 90° in
increments o f 15°, and a 305-mm diameter circular disk specimen were tested. Slots were
machined at the opposite ends o f the bar specimens parallel to the bar axis, as shown in
Figure 3.11(a). On the circular disk specimen, slots were machined at the opposite ends
o f diameters, which were oriented at angles 0° to 90° in increments o f 15° with the
pultrusion direction, as shown in Figure 3.11(b). In the slots at opposite ends o f the bar or
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the disk diameter, E-crystals were positioned w ith the coupling agent and w ere excited at
one o f their resonant frequencies. The shear wave velocity was determ ined from the Swave travel tim e and the shear modulus was calculated. The variation o f shear modulus,
(G 0), as a function o f fiber orientation angle is shown in Figure 3.12. For comparison, the
static results obtained from the strain gaged bars (using transformation equations) are also
shown. It can be seen from Figure 3.12 that the static results are the lowest, while the
disk results are the highest for most o f the range o f 0. It should be noted that all the
results fall in a fairly narrow band, indicating good agreement.

3.3.4

Measurement of Elastic Constants using Single Circular Specimen
An attem pt was made to measure all the inplane elastic constants from a single

specimen, because it is more convenient to use a single specimen to m easure all the
required elastic constants. Moreover, some com posite materials are expensive in terms o f
material cost as well as specimen preparation. In this study, three independent methods
were used to determ ine all the elastic constants using a 305-mm diam eter circular disk
specimen.

3.3.4.1 Wave Propagation Velocity Method
This m ethod includes measuring the P-wave propagation velocities along the fiber
and perpendicular to the fiber directions, V Li and Vu, respectively, and the S-wave
propagation velocities (Vs) along the 1-2 plane and the 45-degree plane. The expression
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for the propagation velocities o f longitudinal and shear waves in the principal directions
as follows:

— 1— \ ............
VPCI-V12V21J
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where Ei, E2 are the Young’s moduli in the fiber direction (1-direction) and perpendicular
to the fiber direction (2-direction) respectively, vi2 and v2i are the m ajor and minor
Poisson’s ratios respectively and G i2 is the principal shear modulus. Using equations
(3.9) and (3.10) along with M axw ell’s reciprocal relationship, the transformation
equation o f G 4 5 (i.e., G at 0= 45°) can be expressed in terms o f the Poisson’s ratio and the
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Thus, the major and m inor Poisson’s ratios can be determ ined from the propagation
velocities o f the longitudinal waves in two principal directions and the propagation
velocity o f the shear waves at an angle o f 45-degree making use o f equations (3.12) and
(3.13). Having determined v ^ and v2i, Young’s moduli, (Ei and E2) were calculated from
equations (3.9) and (3.10). The shear modulus,

G i 2,

was calculated from the expression

(3.11). The Young’s modulus and the shear modulus for other fiber orientation angles
were determined from the transformation equations for Eq and Ge as given in equations
(3.1) and (3.2).

3.3.4.2 P-Wave Propagation Method
This method involves the measuring the P-wave velocities as a function o f fiber
orientation angle using the E-crystals. The P-wave velocities were measured along
various fiber orientation angles using the 305-mm diameter disk specimen from 0° to 90°
in 15° increments. Since the P-wave velocities are related to the Y oung’s modulus and
the Poisson’s ratios (equation 3.9), the Young’s modulus was estim ated using a 1-D wave
equation (equation 3.6). In this method, Young’s modulus values (Ee) were estimated for
0 o f 15°, 30°, 45°, 60° and 75°, and used as input to the transform ation equation of Ee
(equation 3.1) to solve for the unknown parameters. The unknown parameters, such as
Ei, E2, V[2 and G i2, appear in the transformation equation as a non-linear form. Hence,
this equation was linearized and the least-squares criteria were applied to the linearized
equation

and solved

iteratively until convergence

obtained.

A fter solving the

transformation equation, the unknown parameters were evaluated. W ith approximate
values o f the major and the minor Poisson’s ratios, the estim ated Ee values were updated
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using a 2-D equation (equation 3.7). Updated values were then used as input to the
transformation equation and solved. By repeating this procedure, upon convergence, all
the elastic constants were determined. For this purpose, a code was developed using a
MATLAB to solve the transformation equation.

3.3.4.3 S-Wave Propagation Method
This method involves o f measuring the S-wave velocity as a function o f fiber
orientation angle using either the E-crystals or the G-crystals. In this method, the S-wave
velocities were measured along various fiber orientation angles using a 305-mm diameter
slotted disk specimen from 0° to 90° in 15° increments using E-crystals. Since the S-wave
velocity is related to the shear modulus and the density o f the material, there is no need to
estimate the shear modulus. Shear modulus (Ge) as a function o f fiber orientation angles
was measured only for 0 o f 15°, 30°, 45°, 60° and 75°. The values o f Gq were used as
input to the transformation equations o f Ge (equation 3.2) and solved for the unknown
parameters, such as E[, Ez, v n and Gii, which appear in the transformation equation as a
non-linear form.

A sim ilar technique, described in previous section, was used to solve

the non-linear transform ation equation o f Ge to evaluate all the in-plane elastic constants.
Upon determination o f E |, E 2 , V12 and G 12, the transformation equation o f Ee was used to
determine Young’s modulus for other fiber orientation angles.

3.3.4.4 Results and Discussions
The predicted in-plane elastic constants are tabulated in Table 3.4 for all three
methods discussed using a 305-mm diameter disk specimen. For comparison purposes,
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the static values are also tabulated in Table 3.4. It can be seen from Table 3.4 that the
predicted values o f E[,Vi2 and G 12 are very close to the static values. However, the
transverse m odulus, E 2 , was over predicted by all three methods.

The variation o f Young’s modulus (Ee) as function o f fiber orientation angle is
shown in Figure 3.13. For comparison purposes, the static values are also included. It
can be seen from Figure 3.13 that Young’s modulus was predicted better using the Pwave method as com pared to the other m ethods for the lower fiber orientation angles.
For the higher angles, all three methods predicted values that are very close to each other.
These values are higher than the static values. Overall, the ultrasonic Young’s modulus is
found to be higher than the static values.

The variation o f the shear modulus (Ge) as a function o f fiber orientation angle is
shown in Figure 3.14. For the comparison purposes, both the static and the piezo bar
results were included. It can be seen from Figure 3.14 that the predicted values o f Go for
all three methods are higher than the static and the piezo bar measurements. In general,
all the results fall in fairly narrow band, indicating good agreement.
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Figure 3.1: Schematic diagram o f vibration test setup
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Figure 3.2. Schematic o f E-crystal and G-crystal showing the plane o f wave propagation
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dX: 8.33 us
^ X: -14.C u s

2*

1) C h 1: 5 V o lt 50 u s
2 ) Ch_2: . 100 m V o lt SO.us
3 )R efl:

100 m V o lt 1 m s

Figure 3.3: Typical waveform s for the calibration o f E-crystal measurement system
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Figure 3.4: Schematic arrangement o f ultrasonic test setup
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Table 3.1: Ultrasonic test results for Steel, Alum inum and Polycarbonate specimens*

Shear Modulus (GPa)
;■ ■ ; • ■ ' ' 205.9 (0.4%)
79.7 (0.25%)
Steel
Aluminum
26.0 (0.9%
65.5 (5%)
Polycarbonate
2.7 (2.5%)
1.1 (5%)
L'
■:
* Parenthesis indicates percent error from relference values
Test M aterial

Young’s Modulus (GPa)

’

Table 3.2: Repeatability o f the ultrasonic measurements

....

Measured Frequency
(kHz)
■. .. . ....... ... -i.,
40.0

Measurements

Time o f Travel
(ds)

1st
^nd
^rd
4th

168.5
166.5
167.5
167.5

Table 3.3: Effect o f frequency on ultrasonic measurements

. . . . . .

Frequency
(kHz)

Ratio o f Specimen Length
to Wavelength (L/X)

Time o f Travel
(ds)

25.5
40.0
55.5
62.0

4.0
6.4
8.8
10.0

167.5
167.5
167.5
166.5

. ■ ■-
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Figure 3.5: Typical P-waveform for 0° bar specimen
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dX: 47.9 us
- X ; 47.9 us

2

>-

a > C h J - .5.Vi>lt.25 us: . . .
2 ) C h 2:
2 m V olt 25 t js
3) R e f 1: 100 m V olt 500 us
4) R t f 2: IQOmVolt 300 us

Figure 3.6: Typical S-waveform for 0° bar specimen using G-crystal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

56

dX: 189 us
X : 164 Us

2»

I ) C h 'l: 5 V o h 50 us 21 C h ^ :. .10 .mVolt 50 us

Figure 3.7: Typical S-waveform with slotted bar specimen using E-crystal
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Figure 3.8: Variation o f Y oung’s modulus (Ee) o f b ar specimens as a fiber orientation
angle
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Figure 3.9: Variation o f Young’s modulus (Ee) o f circular disk specimens as a fiber
orientation angle
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Figure 3.10: Variation o f shear modulus (Ge) as a fiber orientation angle (Ge measured
using G-crystals)
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Figure 3.11: Schem atic diagrams of slotted bar and disk specimen
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Figure 3.12: Variation o f shear modulus (Ge) as a function o f fiber orientation angle (Ge
measured using E-crystals)
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Table 3.4: Comparison o f measured in-plane elastic constants using a single circular
specimen

Properties

Static
Method

Ultrasonic M ethod
P-Wave
Propagation

S-Wave
Propagation

Wave
Propagation
Velocity

-. - '.i-

Ei (GPa)

19.1

19.2

19.7

19.6

E2(GPa)

10.7

12.1

12.1

12.3

0.31

0.377

0.32

0.322

4.6

4.8

4.8

4.8

V[2

3
G,2
(GPa)
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Figure 3.13: Variation o f Y oung’s modulus (Ee) as a function o f fiber orientation angle
using 305-mm diameter circular disk specimen
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using 305-mm diameter circular disk specimen
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CHAPTER IV

STRESS GRADIENT EFFECTS ON STRENGTH

4.1

Introduction

Tensile strength data from flexure tests usually yields higher strength than
observed from standard tensile coupon. Accordingly, different tensile strength data may
be observed from tensile specimens o f different sizes. According to statistical-strength
theory based on a Weibull distribution, the presence o f a stress gradient in the flexure
specimen results in an apparent increase in tensile strength. Also, the presence o f a size
effect in tensile coupon results in different tensile strength. In this phase o f the study,
both the stress gradient effects and the size effects on the strength o f pultruded composite
sheets o f 3.2-mm and 12.7-mm thicknesses were studied. A large num ber o f specimens
were tested in tension, 3-point flexure and 4-point flexure. The specimens were tested
along the pultrusion direction (refers to 0-degree) and transverse to the pultrusion
direction (refers to 90-degree). The strength data was analyzed statistically using a 2parameter Weibull distribution and a normal distribution. The ratio o f tensile strength-toflexure strength and the strength ratios o f two tensile specimens were predicted from the
Weibull model and were compared with the experimental results. The test results include
the stress vs. strain behavior, statistical data analysis, parameter extraction technique,
Weibull prediction, failure analysis and microstructural examination.
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4.2

Experimental Program

4.2.1

Specimens with 3.2-mm Thickness

Two sets o f tensile specimens with the dimensions o f 178-mm length and 12.7mm width, and 305-mm length and 38-m m width were fabricated. The flexure specimens
were 76-mm between the support span, except for the 0-degree specimens tested under 3point loading. The 0-degree specimens did not fracture w ith the span length o f 76-mm
under 3-point loading while showing large amount o f deflection. Thus, the span length o f
51-mm was chosen for those specimens. The width o f all flexure specimens was chosen
to be 12.7-mm. The specimens were loaded at the midpoint o f the support span for the 3point flexure tests, while the load was applied at one-third p oint o f the span length for the
4-point flexure tests. Two specimens were instrumented w ith the strain gages. One strain
gage was placed on the tensile side o f the flexure specim en for the 3-point flexure, and
one strain gage was placed both on the tensile and the com pression side o f the specimen
for the 4-point flexure. All o f the strain gages were located at the center o f the test
specimen, and the strain gages’ axis were orientated parallel to the length direction. The
central deflection during the flexure tests was measured using a dial gage. The schematic
diagram o f the specimen dimensions and the loading for the 3.2-m m thickness is shown
in Figure 4.1.
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4.2.2

Specimens with 12.7-mm Thickness

Two sets o f tensile specimens with the dimensions o f 254-m m length and 12.7mm width and 305-mm length and 38-mm width were prepared.

All the flexure

specimens were 152-mm between the support span and w ere 12.7-mm wide. The
specimens were loaded at the midpoint o f the support span for the 3-point flexure. In 4point loading, two different loading spans were used. For the 0-degree specimen, a
loading span o f 38-mm was used and was located at a distance o f 57-mm from the
support. For the 90-degree specimen, a loading span o f 76-mm was used and was located
38-mm from the support. The reason for using a shorter loading span is that the 0-degree
specimen failed due to interlam inar shear with a 76-mm loading span. Two specimens
were instrumented with the strain gages. One strain gage was placed on the tensile side o f
the flexure specimen for the 3-point flexure, and one strain gage was placed both on the
tensile and the compression side o f the specimen for the 4-point flexure. All the strain
gages were located at the center o f the specimen and the strain gages’ axis were oriented
parallel to the length direction. The central deflection during the flexure tests was
measured using a dial gage. The schematic diagram o f the specimen dimensions and the
loading for the 12.7-mm thickness is shown in Figure 4.2.

4.3

Weibull Statistical-Strength Model

According to the W eibull statistical-strength theory for brittle materials [32], the
probability o f survival, P, at a maximum stress level S for a uniaxial-stress field in a
homogeneous material governed by a volumetric flaw distribution is shown as:
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PCS, > S) = R( S) = e x p H ? (S )].......... (4.1)

where S,is the value o f the maximum stress at failure, R is the reliability, and B is the risk
o f rupture. A non-uniform stress filed, a, can be written in terms o f the maximum stress
in the following manner

<t ( x , y , z ) = Sf (jc, y, z )...........(4.2)

For a two-parameter Weibull model, the risk o f rupture is represented as:

B(S) = A

(So. m > 0 ) .......... (4.3)

where

A = f „ [ f ( x , y , z ) ] md V

(4.4)

and S0 is the scale parameter, sometimes referred to as the characteristic strength, and m
is the shape param eter which characterize the flaw distribution in the material. Both of
these parameters are considered to be material properties independent o f size. Thus, the
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risk to break will be a function o f the stress distribution in the test specimen. Equation
(4.3) can also be written as:

B(S) =

(4.5)

where

S a = S 0A « ...........(4.6)

and the reliability function, equation (4.1), can be written as a two-param eter Weibull
distribution:

tf(S) = exp -

(4.7)
V

J

Thus, tensile tests from specimen containing different stress fields can be represented by
a two-parameter Weibull distribution with the same shape parameter, but with a scale
parameter, which will shift according to equation (4.6).

For the case o f a simple tension under uniform stress, equation (4.6) takes the
form
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SA = S t = S 0(Vt) " ...........(4.8)

where the subscript t denotes sim ple tension and V is the specim en volume. Thus, the
scale parameter for uniform tension is a function o f specimen volume.

For flexural loading, the integration o f equation (4.4) can be performed in closed
form and results in the following relationships between the scale parameters for tension
and flexure:

i
h.

s,

2(m + l)2

4(/w + 1)2 ( K )
(w + 2) l O

(3 —po int)

(4.9)

m

(4 -/7 0 int)

(4.10)

where subscript b denotes bending. Comparing equations (4.8), (4.9) and (4.10), it is
clear that for equal volume o f a given material, strength should always be greater in 3point flexure than 4-point flexure, and greater in 4-point flexure than in tension. This is
due the fact that 3-point loading produces maximum stress at the outer surface in the
center o f the beam, while 4-point loading produces the m axim um stress at the outer
surface throughout the center section. In particular, the sm aller the volume under the
m aximum stress the higher the local strength. It should be noted that equations (4.9) and
(4.10) are based on the assumption that failure in the flexure test is a direct function o f
normal stress on the tensile side o f the beam. The effect o f interlaminar stresses is
neglected.
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The effects o f specimen volume in tensile strength are also investigated. For pure
tension, equation (4.8) becomes

i
S , = S 0(Lht) « .......... (4.11)

where L, h and t are the gauge length, width and thickness o f the tensile coupon,
respectively. For specimens o f different gage length and width, equation (4.11) yields

I
f

S,2

T

/

\ T

v L\K j

,L2,h2 > L x,hx

(4.12)

Thus, the specimens with a higher gauge length and width will have a lower
characteristic strength compared to the specimens with sm aller gauge length and width.

4.4

Determination of the Weibull Parameters

The Weibull parameters such as S0 and m (equation 4.7) were determined using
the strength values o f n specimens determined in a specific test. The least-square fitting
in a linearized form o f distribution was used to determine the W eibull parameters. Taking
the natural logarithm twice, the equation (4.7) can be written as:
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In In

' 1 N

= m In S - m In SQ

(4.13)

J

The Weibull parameters can then be determined by fitting a straight line to lnln(l/i?s) as a
function o f InS. The parameter m is simply the slope and S0 is related to the intercept on
the lnln( l/Rs) axis at IilS = 0 by

S0

1
=[exp(—int ercept)]^

In this study,

the

(4.14)

parameters

were determined

using a commercial

software

WeibullSMITH™. The survival probability was assumed to correspond to a median
ranking o f the data

«s = i - i r M
n

(4.15)

where n is the total number o f data points in the sample and i is the num ber o f the data
point in ascending order from 1 to n.
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4.5

Results and Discussions

4.5.1

Specimen Behavior

The tensile stress vs. strain responses obtained for the 3.2-m m thick specimens are
shown in Figure 4.3 for the 0-degree, and in Figure 4.4 for the 90-degree. The effect o f
specimen volume on the stress vs. strain response is also shown. It can be seen from
Figure 4.3 that the response is fairly linear up to failure for both the tensile specimens.
The failure stress and strain is found to be higher for the 12.7-mm wide specimen as
compared to the 38-mm wide specimen. It can be seen from Figure 4.4 that the response
is quite non-linear up to failure load for both the tensile specimens. The failure stress is
found to be very close in both cases; however, the failure strain for the 38-mm wide
specimen is found to be smaller than the failure strain o f the 12.7-mm wide specimen.

The tensile stress vs. strain responses obtained for the 12.7-mm thick specimens
are shown in Figure 4.5 for the 0-degree and in Figure 4.6 for the 90-degree. The effect o f
specimen volume on tensile response is also included in both figures. It can be seen from
Figure 4.5 that the response is fairly linear up to failure for the 0-degree; however, the
response is quite non-linear for the 90-degree. The 38-mm wide, 0-degree specimen
shows higher failure stress and strain as com pared to the 12.7-mm w ide specimen, while
the 12.7-mm wide, 90-degree specimen shows higher failure strain as compared to the
38-mm wide specimen. The failure stress is found to be very close in both the 90-degree
specimens.
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The stress vs. strain responses obtained in tension, 3-point and 4-point flexure for
the 3.2-m m thick specimens are shown in Figure 4.7 for the 0-degree, and in Figure 4.8
for the 90-degree. It should be noted that the strain gages failed well bellow the failure
load in the cases o f 3-point and 4-point flexure, while the strain gages failed at the failure
load in the case o f tension. It can be seen that the stress vs. strain responses are fairly
linear for the 0-degree specimens, and are quite non-linear for the 90-degree specimens.
The stress vs. strain responses for the 12.7-mm thick specim ens exhibited in the three
tests are shown in Figure 4.9 for the 0-degree, and in Figure 4.10 for the 90-degree. The
strain gages failed before the specimens failed in the case o f all flexure tests. It can be
seen from Figure 4.9 that the response is practically identical for all three tests for the 0degree specimens and is fairly linear up to failure. From Figure 4.10, it can be seen that
the response is not identical for the 90-degree specimens and the stress vs. strain behavior
is quite non-linear. It can be mentioned that failure stress is the lowest in tension and the
highest in 3-point flexure.
The stress vs. strain responses o f the tensile and com pression sides o f the 3.2-mm
thick specimen loaded in 4-point flexure are shown in Figure 4.11 for the 0-degree
specimen and in Figure 4.12 for the 90-degree specimen. It can be seen from those
figures that the strain gage located on the tensile side o f the specimen was subjected to
higher strain as compared to the compression side. This indicates that the specimens
failed due to tension. It is also evident that there is a good agreem ent between stress and
strain for both the tension and the compression sides o f the flexure specimen. The strain
gage located on the com pression side o f the 0-degree specim en failed well below the
failure stress. It is believed that the strain gage may be dam aged due to excessive bending
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during flexure loading. The stress vs. strain responses for the 90-degree specimen are
very close to each other up to 75 MPa, as illustrated in Figure 4.12. The stress vs. strain
responses o f the two back-to-back strain gages mounted on the tension and compression
sides o f the 12.7-mm thick specimen loaded in 4-point flexure are shown in Figure 4.13
for the 0-degree, and in Figure 4.14 for the 90-degree. It can be seen that the two strain
gages readings are very close to each other for the 0-degree specimen as compared to the
90-degree specimen. The higher strain value on the tensile side indicates that the
specimen failed due to tension.

The load vs. central deflection behavior o f the 3.2-mm thick specimen subjected
to 3-point and 4-point loading is shown in Figure 4.15 for the 0-degree and in Figure 4.16
for the 90-degree. It can be seen from Figure 4.15 that the behavior is fairly linear up to
failure. It can be noted that the 0-degree specimen tested under 3-point loading had a
support span o f 51-mm, whereas the length o f the support span for the 4-point loading
was 76-mm. This is the reason for such deviation between the two curves. The load vs.
deflection behavior is quite non-linear for the 90-degree specimen as seen in Figure 4.16.
The deflection is found to be higher for the 4-point loading as compared to 3-point
loading for both the orientations. The load vs. deflection curves generated for the 3-point
and the 4-point loading are very close to each other and are fairly linear up to failure for
the 0-degree specimen, 12.7-mm thickness as seen from Figure 4.17. However, the load
vs. deflection behavior o f the 90-degree specimen, 12.7-mm thickness is non-linear, as
seen from Figure 4.18. The deflection is always found to be higher for the 4-point loading
as compared to the 3-point loading.
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4.5.2

Statistical Data Analysis

The probability o f survival as a function o f the stress for the 3.2-mm thick
specimen is shown in Figure 4.19 for the 0-degree and in Figure 4.20 for the 90-degree.
The strength data fo r tensile tests, 3-point and 4-point flexure tests are included in each
figure. As illustrated in those figures, the test data agreed well with the 2-parameter
W eibull distribution. It is also evident that the curve for the 3-point flexure loading is at
extreme right, as expected, indicating highest strength and the curve for the tensile
loading is at extrem e left indicating the lowest strength. The curve for 4-point flexure
loading is in the m iddle. Among the tensile tests, the curve for the 38-mm wide specimen
is toward the left o f the 12.7-mm wide curve for the 0-degree, as expected. However, the
two tensile curves are very close to each other for the 90-degree, showing no size effect.
The separation between the 4-point flexure curve to the tensile curve is greater for the 90degree specimen as com pared to the 0-degree specimen.

The probability o f survival as a function o f stress for the 12.7-mm thick specimen
is shown in Figure 4.21 for the 0-degree and in Figure 4.22 for the 90-degree. Strength
data for the tensile tests, 3-point, and 4-point flexure tests are also included in each
figure. In general, the test data agreed well with the 2-parameter Weibull distribution. It
can be seen that the curve for the 38-mm wide tensile specimen is toward the right o f the
12.7-mm wide tensile specimen for the 0-degree. The tensile curves for both specimens
are very close to each other for the 90-degree specimens. This is not expected according
to the Weibull strength model. However, the curve for the 3-point flexure loading is at
the right and the curve for the axial tension loading is at the left, while the curve for the
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4-point flexure loading is in the middle, as expected. The 4-point flexure curve is close to
the 3-point flexure curve for the 90-degree specimen as compared to the 0-degree
specimen.

The W eibull shape parameter and scale param eter experimentally determined for
the tension, 3-point, and 4-point flexure are presented in Table 4.1 for the 3.2-mm thick
specimen and in Table 4.2 for the 12.7-mm thick specimen. The test results for the 0degree and the 90-degree fiber orientations are also included in each table. Both tables
include the mean strength and standard deviation calculated from the Weibull
distribution, as well as the normal distribution for comparison. It can be seen from Table
4.1 that the m values fall in a narrow range o f 14 to 23 for the 3.2-mm thickness. The
tensile strength is found to be higher for the 12.7-mm wide specimen as compared to the
38-mm wide specimen for the 0-degree, dem onstrating size effect. However, the strength
values are very close to each other for the 90-degree specimen, showing no size effect. It
can also be seen that the 3-point flexure strength is the highest and the tensile strength is
the lowest, which indicates that the material shows stress gradient effect. The mean
strength found from the Weibull distribution is found to be very close to the normal
distribution. For the 12.7-mm thick specimen, it can be seen from Table 4.2 that m values
fall within a wide range o f 16-65 for the 0-degree specimens and 20-51 for the 90-degree
specimen. The m values tends to be larger for the smaller scatter, especially under direct
tensile loading; this is probably due to the combination o f the roving fibers placed in a
perpendicular arrangement to the tensile load and the thicker sheet containing appreciable
porosity. Interestingly, Bullock [24] reported the same m value for the three types o f
loading, while W hitney [25] reported different values. The 38-mm width specimens show
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higher tensile strength along the 0-degree and show very similar tensile strength along the
90-degree. This observation is not compatible with the W eibull strength model. This
could be due to the presence o f non-uniform void in the material, as will be discussed
later. The 3-point flexure strength is the highest and the tensile strength is the lowest,
which indicate that 12.7-mm thick materials also show stress gradient effect. The mean
strength and the standard deviation found from Weibull distribution are very similar to
the normal distribution for the 12.7-mm thick material.

4.5.3

Weibull Strength Prediction

The measured and the Weibull predicted ratios o f flexure strength to tensile
strength, and tensile strength ratios o f the specimens having different volumes are shown
in Table 4.3. It can be mentioned that the tensile 12.7-mm width specimen was chosen
here as a basis for comparison. The table includes the results for both the thicknesses
orientated at 0-degrees and at 90-degrees. It can be seen from the Table 4.3 that the
measured and the Weibull predicted ratios do not show consistent agreement. The
strength ratios are very close in some cases but quite different in others, and there appears
to be no clear trend. A few attempts are made to calculate the strength ratios based on the
bending specimen volume, namely, total volume, total tensile volume, local volume (thin
layer) and local volume (tensile side). The results are presented in Table 4.4 for the 3point flexure and in Table 4.5 for the 4-point flexure. It can be seen from both the tables
that no such improvement in the trend could be seen.
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4.5.4

Failure Analysis

The photographs o f the typical failure specimens o f 3.2-mm thickness loaded in
tension, 3-point and 4-point flexure are shown in F igure 4.23. Those photographs
illustrate that failure is lim ited to the gage section in tension and to the tensile side o f the
flexure specimens subjected to maximum tensile stress. T h e 0-degree tensile specimens
failed initially by longitudinal splitting between the internal layers, and the 90-degree
tensile specimens failed due to m atrix tensile failure. In general, failure was progressive
in the case o f flexure loading and was catastrophic in the case o f tension loading. The
flexure specimens failed at the tensile side in the region o f m axim um tensile stress. The
failure surface extends across the thickness at an angle especially in the case o f 4-point
flexure. The failure region is found to be the greatest in th e case o f tension and the least
in the case o f 3-point flexure.

The photographs o f the typical failure o f the 12.7-mm thick specimens loaded in
tension, 3-point, and 4-point are shown in Figure 4.24. It can be seen from Figure 4.24
that the 0-degree specimens failed in tension due to longitudinal splitting between the
internal layers. In flexure, the outer layer located on the tensile side failed first. The
failure extends across the thickness in the form o f delam ination and fiber breakage as the
load continues to increase. The failure surface is found to b e more expensive in the case
o f 4-point loading as com pared to 3-point loading. The failure surface o f the 90-degree
specimens forms an angle o f 45-degree across the thickness in tension. The failure
initiates on the tensile surface o f the flexure specimen exhibiting maximum tensile stress.
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The failure surface is very localized in the case o f 3-point flexure, and extends across the
thickness at an angle in the case o f 4-point flexure.

Typical tensile failures o f two different w idth specimens o f 3.2-mm thickness are
shown in Figure 4.25. Both the 0-dgeree and the 90-degree failed specimens are shown.
The failure mode is found to be very similar for both the tensile specimens, with the
exception o f some special features. The failure surface extends at an angle across the
width for the 0-degree, w ider specimen. It is believed that the presence o f more CSM
layers in the wider specimen is responsible for such failure mechanism and hence
exhibits lower failure strength. The failure mechanism exhibited by the tensile specimens
o f two different widths oriented at 90-degrees are very similar; therefore, the two exhibit
sim ilar failure strength. However, the failure m echanism o f the wider specimens o f 12.7mm thickness is found to be different. As seen in Figure 4.26, there are three distinct
failure modes for both the 0-degree and 90-degree specimens with 38-mm width. In
tension, the outer layers o f the 0-degree specimens failed first for all the tensile
specimens. However, the failure o f the bulk portion o f the specimen is found to be
different. The 90-degree specimens also show three distinct failure modes. Some
specimens failed due to matrix tensile failure, some specimens failed due to a
com bination o f tensile and shear, and some specimens failed due to shear. Such failure
modes were not observed for the 12.7-mm wide tensile specimens. It is believed that the
inherent defects in the 12.7-mm thick composite are responsible for such different failure
mechanism in tension. To describe the defects in composites, the photographs o f the
surface o f the 3.2-mm and 12.7-mm thick pultruded composites along the pultrusion
direction are shown in Figure 4.27. It can be seen from the Figure 4.27 that while the 3.2-
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mm thick specimen does not show any visible defect, the defects are quite visible for the
12.7-mm thick specimen. It can also be seen that the defects are non-uniform across the
thickness for the 12.7-mm thick pultruded composites. In some areas the defects are so
close that they resemble a crack. Such non-uniform defects are assumed to be responsible
for such different failure modes for the wider specimens for the 12.7-mm thickness. In
order to investigate the flaw distribution microscopically, the 12.7-mm thick specimens
were cut along the longitudinal and transverse direction examined under the scanning
electron microscope. The photomicrographs o f the longitudinal section and the transverse
section are shown in Figure 4.28 and 4.29 respectively. Photomicrographs were taken at
two different magnifications to investigate the flaw distribution. It can be seen from both
the figures that the defects vary in shape and size. Some defects are circular in shape,
while some are in the form of a crack. The defects are not uniformly distributed across
the thickness, which appears to be a basic requirement for the Weibull distribution.
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Figure 4.1: Geometry o f the test specimens (3.2-mm thi> ck)
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Figure 4.2: G eom etry o f the test specimens (12.7-m m thick)
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Figure 4.3: Tensile stress vs. strain response for the 3.2-mm thick specimen (0-degree)
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Figure 4.4: Tensile stress vs. strain response for the 3.2-mm thick specimen (90-degree)
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Figure 4.5: Tensile stress vs. strain response for the 12.7-mm thick specimen (0-degree)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

87

100

80

38-mm wide

Tensile stress (MPa)

12.7-mm wide
60

40

20

0

0.4

0.8

1.2

1.6

2.0

Tensile strain (%)

Figure 4.6: Tensile stress vs. strain response for the 12.7-mm thick specimen (90-degree)
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Figure 4.7: Stress vs. strain response for the 3.2-mm thick specimen (0-degree)
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Figure 4.8: Stress vs. strain response for the 3.2-mm thick specim en (90-degree)
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Figure 4.9: Stress vs. strain response for the 12.7-mm thick specimen (0-degree)
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Figure 4.10: Stress vs. strain response for the 12.7-mm thick specimen (90-degree)
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Figure 4.11: Stress vs. strain response for the 3.2-mm thick specimen in 4-point loading
(0-degree)
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Figure 4.12: Stress vs. strain response for the 3.2-mm thick specimen in 4-point loading
(90-degree)
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Figure 4.13 : Stress vs. strain response for the 12.7-mm thick specimen in 4-point loading
(0-degree)
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Figure 4.14: Stress vs. strain response for the 12.7-m m thick specimen in 4-point loading
(90-degree)
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Figure 4.15: Load vs. central deflection behavior for the 3.2-mm thick specimen under 3point and 4-point flexure (0-degree)
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Figure 4.16: Load vs. central deflection behavior for the 3.2-mm thick specimen under 3point and 4-point flexure (90-degree)
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Figure 4.17: Load vs. central deflection behavior for the 12.7-mm thick specimen under
3-point and 4-point flexure (0-degree)
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Figure 4.18: Load vs. central deflection behavior for the 12.7-mm thick specimen under
3-point and 4-point flexure (90-degree)
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Figure 4.19: Probability o f survival as a function o f stress for the 3.2-mm thick specimen
(0-degree)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

101

1 .0

0.8

T(12.7W),
3

T(38W)

4PT

3PT

0.6

CO
»•—

o

>.
-Q

(0
g

-Q

0.4

CL

0.2

50

100

150

200

250

Stress (MPa)

Figure 4.20: Probability o f survival as a function o f stress for the 3.2-mm thick specimen
(90-degree)
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Figure 4.21: Probability o f survival as a function o f stress for the 12.7-mm thick
specimen (0-degree)
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Figure 4.22: Probability o f survival as a function o f stress for the 12.7-mm thick
specimen (90-degree)
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Table 4.1: Summary o f the test results for the 3.2-m m thick specim ens

Fiber
orientation

0-degree

90-degree

Type of Test

No. of
Specimens

Weibull parameters

Mean strength, MPa

Standard deviation, MPa

Tension
(12.7-mm wide)
Tension
(38-mm wide)
3-point flexure
4-point flexure

20

Scale
parameter, S0
(MPa)
379.6

Shape
parameter,
m
15.5

Weibull
distribution

Normal
distribution

Weibull
distribution

Normal
distribution

366.9

367.5

29.2

27.5

20

360.1

21.1

351.1

351.5

19.1

21.1

20
20

489.3
429.5

15.4
15.3

472.8
415.1

474.0
415.8
'

37.6
33.0

42.0
31.3

Tension
(12.7-mm wide)
Tension
(38-mm wide)
3-point flexure
4-point flexure

20

104.0

18.8

101.1

101.3

6.6

7.0

20

105.3

23.3

102.9

103.0

5.5

5.4

20
20

171.8
159.3

15.3
14.0

166.0
153.6

166.4
153.8

13.2
12.1

13.8
12.9
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Table 4.2: Summary o f the test results for the 12.7-mm thick specim ens

Fiber
orientation

0-degree

Type of Test

Tension
(12.7-mm wide)
Tension
(38-mm wide)
3-point flexure
4-point flexure

No, of
Specimens

Weibull parameters

Mean strength, MPa

Shape
parameter,
m
18.0

Weibull
distribution

Normal
distribution
l

Weibull
distribution

Normal
distribution

20

Scale
parameter, S0
(MPa)
230.1

223.4

223.7

16.2

16.2

20

235.5

65.2

233.4

233.5

5.9

4.6

20
20

334.0
299.2

17.1
16.6

323.8
289.9

324.3
290.3

22.9
20.7

22.8
20.3

:

90-degree

Tension
(12.7-mm wide)
Tension
(38-mm wide)
3-point flexure
4-point flexure

Standard deviation, MPa

,

’

20

85.7

50.8

84.7

84.8

2.1

2.0

20

86.6

36.5

85.3

85.4

2.2

3.2

20
20

140.3
132.9

20.8
26.7

136.7
130.2

136.9
130.3

8.1
6.8

7.6
5.8

105

106

Table 4.3: Measured and Weibull-predicted ratios o f flexure strength to tensile strength
and the ratios o f tensile strengths

Fiber
orientation

3-point flexure to
tensile

Specimen
thickness
(mm)

4-point flexure to
tensile

Tensile strength ratio
o f 12.7-mm to 38mm wide specimen
Weibull
Measured

Measured

Weibull

Measured

Weibull

3.2

1.29

1.53
m=15.4

1.13

1.34
m=15.3

1.04

1.14
m=15.5

12.7

1.45

1.46
m=l7.1

1.30

1.34
m=16.6

0.96

1.08
m=18.0

1.64

1.51
m=15.3

1.52

1.37
m =I4.0

0.98

1.12
m=18.8

1.61

1.39
m=20.8

1.54

1.19
m =26.7

0.99

1.03
m=50.8

0-degree

r

■ '
3.2
90-degree
12.7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

107

Table 4.4: Effect o f specimen volume on Weibull Prediction from the 3-point flexure data

Fiber
Orientation

Specimen
Thickness

(*33PT/tTt)mcasurcd

(mm)

(C^Pr/cfOprctliction
Total
volume

Total volume
(tension side)

Local
volume
(thin layer)

Local volume
(tension side)

3.2

1.29

1.53

1.62

2.0

1.85

12.7

1.45

1.46

1.52

2.05

1.84

3.2

1.64

1.51

1.58

2.01

1.85

12.7

1.61

1.39

1.44

1.84

1.68

0-degree

90-degree

Table 4.5: Effect o f specimen volume on Weibull prediction from the 4-point flexure data

Fiber
Orientation

Specimen
Thickness

(0’4pr/cTt)mcasured

(mm)

(0"4pr/(Tt)prC[pctian
Total
volume

Total volume
(tension side)

Local
volume
(thin layer)

Local volume
(tension side)

3.2

1.13

1.34

1.40

1.63

1.50

12.7

1.30

1.34

1.39

1.70

1.51

3.2

1.52

1.37

1.44

1.69

1.55

12.7

1.54

1.19

1.22

1.35

1.26

0-degree

90-degree
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TENSION

3-POINT

4-POINT
(a) 0-degree

TENSION

3-POINT

4-POINT

(b) 90-degree
Figure 4.23: Typical failures o f 3.2-m m thick specimens loaded in tension, 3-point and 4point flexure (a) 0-degree and (b) 90-degree
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(a) 0-degree

(b) 90-degree

Figure 4.24: Typical failures o f 12.7-mm thick specimens loaded in tension, 3-point and
4-point flexure (a) 0-degree and (b) 90-degree
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(b) 90-degree

Figure 4.25: Typical failures o f different width o f 3.2-mm thick specimens loaded in
tension (a) 0-degree and (b) 90-degree
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(a) 0-degree

Figure 4.26: Typical failures o f 38-mm width o f 12.7-mm thick specimens loaded
tension (a) 0-degree and (b) 90-degree
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(a) 3.2-m m thick

(b) 12.7-mm thick

Figure 4.27: Photographs o f the surface o f the pultruded sheets along the pultrusion
direction (a) 3.2-mm thick and (b) 12.7-mm thick
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Figure 4.28: Photomicrographs showing defects in the 12.7-mm thick pultruded
composite (Longitudinal section)
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Figure 4.29: Photomicrographs showing defects in the 12.7-mm thick pultruded
composite (Transverse section)
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CHAPTER V

MEASUREMENTS, MODELING AND FEM STUDY FOR
COMPRESSION LOADING

5.1

In tro d u ctio n
Compressive properties such as compressive strength, strain to failure and

compressive modulus w ere measured experimentally using a short-block compression
specimens. Pultruded com posite sheets with thicknesses o f 6.3-mm and 12.7-mm were
tested in this phase o f the study. A large num ber o f specimens were tested to generate
enough information to perform a statistical analysis o f the compression strength data.
Three statistical models, nam ely normal distribution, lognormal distribution and W eibull
distribution were used to determine the best distribution, and their corresponding design
allowables were determined. Compressive properties for other fiber orientation angles for
both the thicknesses were also measured.

The compressive failure mechanisms were

investigated using a stereom icroscope to determine the initiation of failure and failure
mechanisms.
Pultruded composite materials were m odeled to predict the elastic properties o f
constituent layers (roving and continuous strand mat) for the finite element study. The
predicted material properties were compared with experim entally measured properties. A
two dimensional finite elem ent analysis was perform ed to study the (i) specimen
behavior, (ii) in-plane stress distribution and (iii) stress distribution through the thickness
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o f the pultruded com posite under compressive loading. The predicted specimen behavior
was compared with experimental results.

5.2

Experimental Program

5.2.1

Compression Test Specimens
All test specim ens were machined from pultruded sheets having a width o f 2.4-m

and a length o f 3.6-m with thicknesses o f 6.3-m m and 12.7-mm. Specimens with the
axial direction oriented at 0°, 30°, 45°, 60° and 90° to the pultrusion direction were
prepared.

Tw enty specim ens were prepared for the 0° and 90° orientations, and six

specimens were prepared for each o f the other orientations.

All specimens were

rectangular with a length o f 44.4-mm and a width o f 25.4-mm. The specimens were cut
using a water-cooled diam ond saw. After cutting, the ends and sides o f the specimens
were prepared to final tolerances by grinding all sides flat, parallel and perpendicular to
within ±0.012-mm.

5.2.2

Compression Test Fixture and Test Procedure
The com pression test fixture design was based on the concepts o f end loading

mechanisms to test thick pultruded sheet specimens. The test fixture is similar to the
NASA Short-Block fixture used by Shuart [44].

It has a pair o f adjustable clamping

blocks that accom m odate specimens o f different thicknesses. The major advantages o f
this test fixture are: 1) it is simple and compact; 2) it is easy to assemble and maintain;
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and 3) it requires no specimen end tabs. A photograph o f the test fixture and specimen is
shown in Figure 5.1. Two side screws on each base plate allow the gripping o f the
specimen, simulating clamped boundary condition.

The fixture was designed and

fabricated from A-36 steel. All mating fixture and specimen surfaces were machined flat
and parallel by grinding. Each end o f the specimen was set 9.5-mm deep in the fixtures,
for a test gauge length of 25.4-mm. The specimen is sufficiently thick to avoid global
buckling and sufficiently long to produce a uniform state o f stress within the test gauge
section. A schematic diagram o f the compression test fixture-specimen assembly is
shown in Figure 5.2.
All compression tests were perform ed using a Tinius-Olsen electromatic-test
machine with a 270 kN load capacity. A separate 220 kN load cell was mounted on the
test machine cross head with adapter plates to provide digital load data. A spherically
seated compression tool (shown in Figure 4.2), manufactured by Tinius-Olsen, was also
mounted in series with the load cell.

The purpose o f the compression tool was to

compensate for non-parallel loading platen surfaces.

The test fixture assembly was

placed between two flat steel support plates during compression. Two to four specimens
were instrumented with pairs o f back-to-back axial and transverse strain gages at the
specimen center. These strain gages were used to monitor bending and buckling effects.
The onset o f global buckling was characterized by a sharp divergence o f strain gage
readings, while the bending effect was predominant when the difference between the
back-to-back gages was more than 5 percent. Additionally, one specimen (in pultrusion
direction only) from each thickness was instrumented with five axial strain gages across
the width on the centerline o f the specimen. The purpose o f these additional strain gages
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was to verify the existence o f a uniform strain field w ithin the small gage section o f the
short-block specimen. A D irect Current Differential Transducer (DCDT) was used to
monitor the end shortening o f each specimen. All o f the strain gages, the DCDT, and the
load cell were connected to a WTN5000™ data acquisition system, manufactured by the
Vishay Measurements G roup. The loading platen was leveled by applying 20 percent o f
the expected ultimate load while monitoring the back-to-back axial strain gages.

A

constant crosshead rate o f 1.2 mm/min was applied by the test machine during the
compression test.

5.3

Finite Element Study
A finite element analysis was performed included modeling of the pultruded

composites and the prediction o f specimen behavior during compression loading. The
pultruded composite m aterial was modeled to predict the elastic properties for the finite
element study. Both the roving and the CSM layers were modeled. The elastic properties
o f pultruded composite w ere compared with experimental data. The compression test
specimen o f 6.3-mm thick was modeled using 4-noded isoparametric layered plate and
shell elements. The analysis included both linear and non-linear effects. Both the inplane
and through-the-thickness stress distributions were predicted across the specimen length
and the width.
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5.3.1

Modeling of Pultruded Composite

The structure o f the pultruded composite materials is very complex. A typical
cross-sectiou includes three types o f layers: (i) a thin layer o f randomly oriented chopped
fiber veil on the surface, (ii) continuous strand mat (CSM) layers and (iii) roving layers.
The veil is a resin rich layer used primarily as a protective coating, and its contribution to
the laminate response is neglected [74] in the finite element study.

The pultruded

composite, while not a laminated structure in a rigorous sense, was modeled as a
laminated composite [75]. The laminated composite model assumes each layer as a
homogeneous, linearly elastic and generally orthotropic material. The laminae properties
were predicted from the constituent fiber and matrix properties tabulated in Table 5.1.
The fiber volume fraction o f each layer was not known, and in this study it was assumed
to be the same as the composite fiber volume fraction, which was measured at 39.9%
using a Mettler Toledo AG 104 density determination kit.

Roving Layer: The roving layer consists o f continuous fibers oriented in the
direction o f pultrusion and thus was treated as unidirectional composite material. The
longitudinal modulus (Ei) and Poisson’s ratio (vi2) were predicted from the well-known
rule o f mixture (ROM) formulae. Transverse modulus (E2) and shear modulus (G i2) were
predicted from the semiemperical Halpin-Tsai equations. The predicted properties o f the
roving layer are tabulated in Table 5.2.
Continuous Strand M at (CSM) Layer: The continuous strand mat (CSM) layer is
a fiber system containing randomly placed continuous roving held together by a binder.
The elastic properties o f the CSM layer were predicted assuming a random composite.
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The random composite can be idealized as the laminated composite with a large number
o f thin unidirectional layers and with a different orientation, from 0° to 180°, in the plane
o f fiber. Thus, the properties o f the CSM layer are the average properties o f this fictitious
laminate and hence are assumed in plane isotropic. There were various tools available in
the literature to model the random composite [76-82], In this study, the modeling of the
CSM layer was limited to the Cox model, the Tsai and Pagano model and the quasi
isotropic model, with [60/0/-60] laminate only.
Cox [76] modeled the composite without matrix material as a planar mat of
continuous fiber based on the concept o f averaging the elastic constants over all possible
orientations by integration. The Cox formulae for the averaged isotropic elastic constants
o f random arrays o f fibers (2-dimensional case) are as follows:

~

E =

ErVr ~
3

EfVr ~
8

i

= - ...........(5.1)
3

where E , G and v are the averaged Y oung’s modulus, shear modulus and Poisson’s
ratio respectively, and Ef, V> are the Y oung’s modulus o f fiber and fiber volume fraction
o f the random composite.
Tsai and Pagano [77] have developed the following approximate expressions for
the average Young’s and shear modulus o f the random composite:

E = - E x + - £ 2...........(5.2a)
4
8
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G = —£i + -E -).
8
4 “

v =4r-i2G

.(5.26)

.(5.2c)

where Ei and E2 are the longitudinal and transverse m o d u li o f the fictitious unidirectional
layer having the same volum e fraction as the CSM lawyer that can be predicted from the
ROM and the Halpin-Tsai equations (as similar to roviing layer). The above equations are
very straightforward and simple to use to predict th-.e elastic constants o f the random
composite.

Randomly oriented fibrous composites coulod be modeled as quasi-isotropic
laminates [82 ].

Although randomly oriented fib ro u s composites theoretically have an

infinite number o f fiber orientations to be isotropic, t h e behavior o f such materials can be
modeled by considering a quasi-isotropic laminate hsaving only three or four laminae,
namely [60/0/-60] and [90/45/0/-45] laminates. In this s tu d y , the CSM layer was assumed
as a [60/0/-60] quasi-isotropic laminate. Each CSM

layer was divided into three thin

unidirectional layers orientated as 60°, 0° and -60° w i;th a reference x-axis, and m aking
use o f the classical lamination theory, the elastic c o n sta n ts o f the CSM layer were
predicted.
The predicted CSM layer properties from all thmee models studied are presented in
Table 5.3. It can be seen from Table 5.3 that the Cox_ model predicts the lowest elastic
constants when compared to the other two models. Sjpecifically, the predicted Y oung’s
modulus for the Cox model is approximately 55%-60% • o f the other two models.
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5.3.2

Laminate Analysis
Classical lam inated plate theory (CLPT) was used to predict the elastic constants

o f the pultruded com posite sheet material. The orientation o f the roving layer was chosen
such that the pultrusion direction (0° orientation) matches with the reference x-axis. The
orientation o f the CSM layer is not important due to the in plane isotropic conditions, and
was chosen at 0° for m odeling purposes. The thickness o f the individual layer was not
known and was assum ed proportional to the percent glass content o f the corresponding
layer in the laminate. The predicted thickness o f each layer for the 6.3-m m thick
pultruded composite sheet is shown in Table 5.4. The predicted elastic properties,
thickness and orientation o f each layer were input into the M SC/PATRAN modeling
software for laminate analysis.

The laminated analysis prediction from various CSM

models for the 6.3-mm thick pultruded composite sheet is shown in Table 5.5. It can be
seen from Table 5.5 that the Cox model was acceptable for predicting Ei, E 2 and vn;
however, other models better predicted G 12 .

5.3.3

Finite Element Study in Compression
A two-dimensional large-displacement finite element analysis was performed

using commercially available MSC/NASTRAN software to study the response o f the
pultruded composite specim en under compression loading.

A specimen o f 44.4-mm

length, 25.4-mm w idth and 6.3-mm thickness was modeled using 4-noded isoparametric
layered plate and shell elements (CQUAD4 in MSC/NASTRAN). These plate elements
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are based on the assumptions o f the classical plate theory. Each node has five degrees o f
freedom:

1) two

orthogonal in-plane

displacements (u,v);

2) one

out-of-plane

displacement (w); and 3) two rotations about orthogonal in-plane axis (0X and 0y). The
discretized a 2-D model o f the compression specimen and the associated boundary
conditions o f the compression specimen is shown in Figure 5.3. A uniform finite element
mesh with elem ent size o f 0.63-mm square was used. All the degrees o f freedom (u, v, w,
0X and 0y) o f all the nodes at the end (x=0) were constrained to simulate the clamped
conditions, and a uniform nodal axial displacement was applied at the opposite end (x=L)
to simulate the compressive loading. A pseudo-clamped boundary condition (w=0) was
applied to all the nodes up to 9.5-mm from both the ends to simulate the grip. The model
included 2800 elem ents and 2911 nodes. Both linear and geometric non-linear analyses
were performed. M ultiple displacement steps and the up dating o f the stiffness matrices
at each step were considered to account for the geometric non-linearity. The material
properties o f the roving layer and the CSM layer used in the finite element study are
shown in Table 5.6.

5.4

Results and Discussions

5.4.1

Experimental Results
The experimental results obtained include stress-strain responses and photographs

o f the fractured specimens. The compressive strength, compressive modulus and failure
strain were obtained from these stress-strain curves. The statistical analysis was included
to determine the statistical compressive strength and design allowable. The failure
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analysis was performed based on the examination o f the specim en fracture surface. An
attempt was made to evaluate the failure initiation and failure mechanism.

5.4.1.1 Compressive Properties
The stress-strain plots for a 6.3-mm and a 12.7-mm thick pultruded composite
specimen, with loading along the pultrusion direction, are shown in Figures 5.4 and 5.5
respectively. The average strain obtained from back-to-back strain gages is also shown.
The agreement between the two strain gage readings up to failure for both the specimens
indicates that bending due to nonuniform load introduction was successfully minimized.
The stress-strain behavior is very linear up to failure. The bending strain at failure was
found to be less than 2 percent indicating a valid test for m easuring compressive strength,
compressive modulus and Poisson’s ratio. The compressive strength was determined by
dividing the maximum load by the average cross-sectional area o f the specimen. The
compressive modulus was determined from the initial slope o f the average stress-strain
plot. The failure strain corresponds to the average strain at the point o f failure.
The load-end shortening responses, with loading along the pultrusion direction,
are shown in Figure 5.6 for the 6.3-mm thick specimen and in Figure 5.7 for the 12.7-mm
thick specimen. It is seen from both the figures that the load-end shortening behavior is
fairly linear up to failure except at the very beginning o f the load introduction. It is
believed that slipping between the test fixtures and the specimen occurred until complete
contact between the machine platen and the test fixture/specimen. This is not unusual for
this type o f compression test.
The variation o f the axial strain across the width o f the 6.3-mm thick and a 12.7mm thick specimen tested in the pultrusion direction is shown in Figures 5.8 and 5.9
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respectively.

The strain distribution is shown at four different load levels including

failure load to examine the compressive strain variation across the specimen width as
load increases. It can be seen from these figures that the strain distribution across the
specimen width is very uniform except near the failure load. Matrix cracking at these
loads levels most likely initiates failure. A continuous cracking noise was heard with
increasing load immediately prior to failure.
The axial stress-strain plots o f the o ff axis specimens o f 6.3-mm and 12.7-mm
thick are shown in Figures 5.10 and 5 .1 1 respectively. The strain data corresponds to the
average o f the back-to-back strain gage readings. The bending strains for all o ff axis
specimens tested in compression were found to be less than 2%. It can be seen from both
the figures that although the stress-strain behavior is very linear for the 0-degree
specimen (pultrusion direction); this behavior is m ore nonlinear for the other angles. The
stress-strain behavior o f the o ff axis specimens are very close to each other except for the
30-degree. The compressive strength and compressive modulus o f the o ff axis specimens
were determined by procedures sim ilar to those used for 0-degree specimens. Since strain
gages o f the o ff axis specimens failed prior to the specimen fracture for all angle
specimens tests. Thus, stress-strain curves were extrapolated to failure to determine the
failure strain.
The measured compressive properties o f the 6.3-mm and the 12.7-mm thick
pultruded composites are summarized in Table 5.7.

In general, test results w ere

repeatable with little scatter. The compressive strength, modulus and failure strain data
were averaged for each group o f specimens. It can be seen from Table 5.7 that the
compressive strength for the 6.3-mm thick specimens is approximately 8 percent higher
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in longitudinal direction and approximately 8 percent lower in transverse direction as
compared to the 12.7-mm thick specimens. The compressive modulus is very similar for
both the thicknesses. The longitudinal compressive failure strain for the 6.3-mm thick
specimen is approximately 16% higher in longitudinal direction and approximately 14%
lower in transverse direction as compared to the 12.7-mm thick specimens.
The variation o f compressive strength as a function o f fiber orientation angle is
shown in Figure 5.12. It can be seen from Figure 5.12 that the 6.3-mm thick specimens
exhibit higher com pression strength in comparison to the 12.7-mm thick specimens in the
pultrusion direction. This can be due to higher roving/mat ratio exhibited by the 6.3-mm
thick specimens as com pared to 12.7-mm thick specimens. However, the strength o f the
12.7-mm thick specimens is somewhat higher when compared to the 6.3-mm thick
specimens for other orientation angles. Figure 5.13 shows the variation o f compressive
modulus as a fiber orientation angle. It is seen from Figure 5.13 that the compressive
modulus o f the 12.7-mm thick specimens is higher than the 6.3-mm thick specimen for
all orientation angles.

5.4.1.2 Statistical Analysis
The compressive strength data were analyzed using a 2-parameter Weibull
distribution for both thicknesses only in the longitudinal and transverse directions. The
characteristic strength and the shape parameter were determined and compared from
rank-regression and m axim um likelihood estimation (MLE) methods. The probability o f
survival plots were generated using a 2-parameter Weibull distribution for both the
thicknesses in the longitudinal and transverse directions. Representative probability o f

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

127

survival plots are presented in Figure 5.14 for the 6.3-mm thick specimens and in Figure
5.15 for the 12.7-mm thick specimens. It can be seen from both the figures that the
compressive strength data were well fitted with both the methods. Compressive strength
data were also analyzed using lognormal and normal distributions to determine the proper
distribution to be used to evaluate the B-basis design allowable (DA). A B-basis
allowable is defined as the strength above which 90 percent o f the population is expected
to fall with 95 percent confidence. Comparisons were made with the observed
significance level (OSL) to determine the best distribution represented by the
compressive strength data. The OSL was determined from the Anderson-Darling test
[49].

If OSL exceeds 0.05, there is a high probability that the sample data fits the

assumed distribution.

Table 5.8 presents the summary o f statistical parameters for

lognormal, normal and Weibull distributions for the pultruded composite specimens. It
can be seen from Table 5.8 that based on OSL values, compressive strength data fit well
with a 2-parameter Weibull distribution for the 12.7-mm thick composites. However,
lognormal distribution seems better for the 6.3-mm thick composites.

5.4.1.3 Failure Analysis
Failure analysis of pultruded
investigated for both the thicknesses.

composite specimens

in compression was

The effect o f fiber orientation angle on

compressive failure modes is also studied. An attempt was made to determine the
compressive failure initiation and failure mechanisms. During the compression testing, it
was observed that the specimen underwent continuous cracking noise with increasing
load ju st prior to failure. Hence, it was decided to unload the specimen immediately once
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cracking noise heard. The specimens were then examined under the stereo microscope
(OLYMPUS SZ1145) to evaluate the initiation o f failure. The failure mechanisms were
evaluated on post-failure observations.
The photomicrograps, show ing the compressive failure initiation, are shown in
Figures 5.16 through 5.20 for the 6.3-mm thick specimens. It can be seen from Figure
5.16 that the fiber microbuckling triggered a shear type o f failure for the longitudinal
specimens. The 30-degree specimens were failed mainly due to delamination (Figure
5.17). The o ff axis specimens orientated at 45-degree to 90-degree were failed due to
matrix compression (Figures 5.18 through 5.20). The matrix com pression failure mode is
characterized by a failure surface that extends through the laminate thickness and is
orientated at 45 degrees.

The photomicrograps, showing the compressive failure

initiation, are shown in Figures 5.21 through 5.25 for the 12.7-mm thick specimens. It
can be seen from Figures 5.21 to 5.23 that the specimens w ith fiber orientation angle up
to 45-degree were failed due to delamination. From Figures 5.24 and 5.25, it can be seen
that the failure mode was found to be matrix compression for the specimens beyond 45
degrees.
The photographs o f the fractured specimens o f the 6.3-m m thick are shown in
Figures 5.26 through 5.30. It is seen from Figure 5.26 that the longitudinal specimens
show extensive delamination, fiber microbuckling and shearing o f the CSM layers. As
the fiber orientation angle increases, as seen from Figures 5.27 through 5.30, the failure
mode changes from delamination to shear type failure. The photographs o f the fractured
specimens o f the 12.7-mm thick also show similar failure m echanism s as exhibited by the
6.3-mm thick specimens.
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5.4.2

Finite Element Results

Figures 5.36 and 5.37 show the predicted versus experimental compressive stressstrain and load-end shortening response o f the 6.3-m m thick pultruded composite
specimen. The stress and strain values obtained from the finite element analysis
correspond to the elem ent center located at the center o f the specimen. The predicted
data for both the linear and the non-linear analysis w ere included. For the non-linear
analysis, the values are taken from the last iteration. Five iterative steps with a modified
Newton-Raphson scheme were used to implement the geometric non-linearity o f the
element. Stiffness matrices were updated at each step on the basis o f the displacement
undergone at each iteration. Fairly good correlation was found between the predicted and
the experimental data in terms o f stress-strain and load-end shortening response. This
indicates that the isoparametric layered plate and shell elem ent can be used successfully
to model the pultruded com posite materials. The effect o f geometric non-linearity was
found to be insignificant on specimen behavior in respect o f stress-strain and load-end
shortening response.
The deformed displacement plot o f Ux (along the applied load) is shown in Figure
5.38. It is seen from Figure 5.38 that the compression specimen deformed not only along
the applied load but also in the transverse direction due to Poisson’s effects.
distribution o f the in-plane normal stress (crx) is shown in Figure 5.39.

The

The in-plane

normal stress distribution is kind o f symmetric with respect to the specimen width and
length and is uniform at the center o f the specimen across the width. The distribution o f
the homogeneous in-plane stresses across the length is shown in Figure 5.40 and across
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the width is shown in Figure 5.41. It is seen from both the figures that a uniform uniaxial
state o f stress exists near the gage section, which supports the experimental
measurements o f compressive properties, especially the compressive modulus and the
Poisson’s ratio.

Near the specimen ends, there exists a compressive stress in the

transverse direction.
Figures 5.42 and 5.43 show the stress distribution o f the roving layers and the
CSM layers across the width o f the specimen. It is seen from above figures that both the
roving and the CSM layers subjected to a uniform and uniaxial state of compressive
stress. The contribution o f various layers on laminate response is shown in Figure 5.44.
It is seen from Figure 5.44 that the roving layers are carrying approximately 67% o f the
applied load, while CSM layers are carrying only approximately 33% o f the applied load.
The variation o f the in-plane stresses through the thickness o f the composite specimen is
shown in Figure 5.45. The roving layers are subjected to higher in-plane normal stresses
as compared to the CSM layers. The in-plane normal stress varies linearly through the
thickness.
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Figure 5.1: Photograph of the test fixture and the specimen
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Figure 5.2: Schematic diagram o f the compression test fixture-specimen assembly
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Table 5.1: Properties o f E-glass fiber and polyester matrix

Property

E-glass fiber
-

Polyester resin

-

Tensile Modulus, GPa

72.35

3.45

Shear Modulus, GPa

29.63

1.27

Poisson’s ratio

0.22

0.35

Density, g/cc3

2.54

1.10

Failure strain, %

4.40

4.20

3445.00

77.17

Tensile strength, MPa
• ■-/'

' '«■.

Table 5.2: Predicted material properties o f roving layer (6.3-mm thick)

Properties
Longitudinal
Modulus,Ei (GPa)

Transverse
Modulus, E 2 (GPa)

Poisson’s ratio
(V12 )

Shear Modulus, G 12
(GPa)

■ ~v; . ■
30.9

8.8

0.285
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Table 5.3: Predicted matearial properties o f C SM layer

Properties

Various CSM M odels
Cox M odel

T sa i and Pagano
Model

Quasi-Isotropic
Model

Ei = E 2 2 (GPa)

9.6

17.1

17.6

G 12 (GPa)

3.6

6.1

7.1

V12

0.330

0.402

0.235

Table 5.4: Predicted thiclcness o f each layer

Lay-up
Information

Percent glass
content*

Predicted Layer
Thickness (mm)

Fiber Volume
Fraction (%)

■
CSM layer

11

0.693

39.9

Roving layer

21

1.323

39.9

CSM layer

34

2.142

39.9

Roving layer

21

1.323

39.9

CSM layer

13

0.819

39.9

* The thickness o f the veil was assum ed equal t o 0.203-mm
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Table 5.5: Predicted elastic constants for the 6.3-m m thick pultruded sheet

Properties

Experiment*

Model prediction
Cox Model

Tsai and Pagano
Model

Quasi-isotropic
Model

Ei(G pa)

19.1

18.3

22.7

2 2 .0

E 2 (GPa)

10.7

9.5

14.2

13.0

V12

0.313

0.327

0.386

0.330

G i 2 (GPa)

4.4

3.2

4.6

4.5

* Experimental data were taken from the static measurement described in Chapter III
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Table 5.6: Material properties used for the finite element analysis

Roving Layer

CSM Layer

E, =30.9 GPa

E t = E 2 = 9.6 GPa

E2 - E3 = 8 . 8 GPa

E3 = 5.6 GPa

G 12 = G 13 =2.8 GPa

G i 2 =4.3 GPa

G 23 =2.5 GPa

G 23 = G 13 =1.4 GPa

V12 = V13 = 0.285

V23 =0.253

v q = 0.285

(JuT = 9 l3 M P a

a22T =61M Pa

Ocsm

a n 0 = 517 M Pa

ci22C =61M Pa

T|2u = 60 MPa

V23 = V13 = 0.380
Ocsm

172 MPa

t i 2 csmu =86 MPa
-
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Figure: 5.3: Discretized 2-D model and the boundary conditions
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Figure 5.4: Stress vs. strain response o f 6.3-mm thick specimen (longitudinal)
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Figure 5.5: Stress vs. strain response o f 12.7-mm thick specimen (longitudinal)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1.5

140

50

40

Load (kN)

30

20

0

0.25

0.50

0.75

End Shortening (mm)

Figure 5.6: Load vs. end shortening plot for 6.3-mm thick specimen (longitudinal)
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Figure 5.7: Load vs. end shortening plot for 12.7-mm thick specimen (longitudinal)
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Figure 5.8: Distribution o f axial strain across the width o f 6.3-mm thick specimen
(longitudinal)
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Figure 5.9: Distribution o f axial strain across the width o f 12.7-mm thick specimen
(longitudinal)
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Figure 5.10: Axial stress vs. strain response o f 6.3-mm thick specimen for various fiber
orientation angles
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Figure 5.11: Axial stress vs. strain response o f 12.7-mm thick specimen for various fiber
orientation angles
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Table 5.7: Compressive properties o f pultruded composites o f 6.3-mm and 12.7-mm thick
flat sheets
Thickness

Loading
Direction

6.3-mm

12.7-mm

Poisson’s
ratio

0° (long.)

Average
Compressive
Modulus (GPa)
17.85

30°

Average
Failure
Strain, %
1.70

11.23

0.378

164.0

1.73“

45°

9.78

0.307

153.6

1.96“

60°

9.10

0.274

143.8

1.92“

90° (trans.)

9.71

0.197

137.5

1.53“

0° (long.)

17.91

0.309

244.7

1.46

11.92

0.304

182.4

2.14“

45°

10.48

0.363

168.1

2.22“

60°

9.30

0.272

162.8

2.30“

90°(trans.)

10.20

0.170

148.6

1.75“

o
O

0.314

Average
Compressive
Strength (M Pa)
266.4

“Failure strains were calculated using extrapolation method
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Figure 5.12: Variation o f Compressive Strength as a Function o f Fiber Orientation Angle
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Figure 5.13: Variation o f compressive modulus as a function o f fiber orientation angle
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Figure 5.14: Probability o f survival plot for 6.3-mm thick specimens
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Figure 5.15: Probability o f survival plot for 12.7-mm thick specimens
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Table 5.8: Summary o f statistical compressive strength o f pultruded flat sheets

Thick
ness

Direction

Mean
(MPa)

SDa
(MPa)

Scale
Parameter
(MPa)
MLE
Rank

Shape
Parameter
MLE

Rank

B-basis
DAb
(MPa)

OSLc

6.3-mm

0° (long.)

-

(a) Weibull distribution
273.8
273.3

19.2

21.0

228.4

0.23

-

-

141.3

140.8

17.1

23.2

115.4

0.01

12.7-

90°
(trans.)
0° (long.)

-

-

251.2

251.4

22.4

20.2

215.1

0.75

-

154.9

154.6

12.8

13.1

118.1

0.67

-

-

237.3

0.47

-

-

-

123.2

0.29

-

-

-

217.9

0.15

“

-

-

122.8

0.60

-

238.4

0.49

124.0

0.40

-

218.5

0.09

-

124.3

0.50

mm

90°
(trans.)

-

6.3-mm

0° (long.)

266.7

(b) Normal distribution
15.3
-

137.7

7.5

12.7-

90°
(trans.)
0° (long.)

245.1

14.1
13.6

-

"

mm

90°
(trans.)

148.9

6.3-mm

0° (long.)

266.8
137.7

7.4

-

-

-

12.7-

90°
(trans.)
0° (long.)

245.2

14.5

-

-

-

148.9

13.7

mm

90°
(trans.)

(c) Lognormal distribution
15.3
-

-

“Standard Deviation; bDesign Allowable; cObserved Significance Level
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Figure 5.16: Photomicrograph o f 6.3-mm thick specimen showing initiation o f failure
(longitudinal)
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Figure 5.17: Photomicrograph of 6.3-mm thick specimen showing initiation of failure:
(30-degree)
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Figure 5.18: Photomicrograph of 6.3-mm thick specimen showing initiation o f failure
(45-degree)
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Figure 5.19: Photomicrograph o f 6.3-mm thick specimen showing initiation of failure
(60-degree)
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Figure 5.20: Photomicrograph o f 6.3-mm thick specimen showing initiation o f failure
(transverse)
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Figure 5.21: Photomicrograph o f 12.7-mm thick specimen showing initiation o f failure
(longitudinal)
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Figure 5.22: Photomicrograph o f 12.7-mm thick specimen showing initiation o f failure
(30-degree)
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Figure 5.23: Photomicrograph o f 12.7-mm thick specimen showing initiation o f failure
(45-degree)
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Figure 5.24: Photomicrograph o f 12.7-mm thick specim en showing initiation o f failure
(60-degree)
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Figure 5.25: Photom icrograph o f 12.7-mm thick specimen showing initiation o f failure
(transverse)
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Figure 5.26: Photograph o f 6.3-mm thick fractured specim en (longitudinal)

Figure 5.27: Photograph o f 6.3-mm thick fractured specim en (30-degree)
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Figure 5.28: Photograph o f 6.3-mm thick fractured specimen (45-degree)

Figure 5.29: Photograph o f •6.3-mm thick fractured specimen (60-degree)
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Figure 5.30: Photograph o f 6.3-m m thick fractured specimen (transverse)

Figure 5.31: Photograph o f 12.7-mm thick fractured specimen (longitudinal)
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Figure 5.32: Photograph o f 12.7-mm thick fractured specimen (30-degree)

Figure 5.33: Photograph o f 12.7-mm thick fractured specimen (45-degree)
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Figure 5.34: Photograph o f 12.7-mm thick fractured specimen (60-degree)

Figure 5.35: Photograph o f 12.7-mm thick fractured specimen (transverse)
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Figure 5.36: Experimental vs. predicted stress-strain response (6.3-mm thick)
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Figure 5.37: Experimental vs. predicted load-end shortening response (6.3-mm thick)
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CHAPTER VI

DAMAGE RESISTANCE AND DAMAGE TOLERANCE OF
PULTRUDED COMPOSITES

6.1

Introduction
Damage resistance and damage tolerance o f 6.3-mm and 12.7-mm thick pultruded

composites were investigated experimentally. The plate specimens were tested under a
quasi-static indentation loading to investigate the damage resistance o f pultruded
composites. Damage was introduced in the specimens at various increm entally increased
force levels selected from the load-displacement behavior o f the material up to the
failure. The dam aged specimens were sectioned along the longitudinal and transverse
direction, and the sectioned specimens were photographed in order to determine the
damage progression at each load level. The extent o f damage was m easured in the form
o f dent depth, back surface crack length, etc., and in the form o f dam age area obtained
from the X-radiography technique. A correlation was established am ong the variables to
extract a param eter that could be used to m easure the damage resistance o f composite
structures. The contact behavior o f the com posite plate and the steel spherical indentor
was also studied to determine the contact force-indentation relationship. The contact
stiffness was m easured and compared w ith m odified Hertz law.
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The end gripped compression test fixture was used to investigate the damage
tolerance o f pultruded composites. Compression tests were perform ed on both the
damaged specimens and open-hole specimens. The undamaged specimens were
instrumented with several pairs o f back-to-back axial strain gages to capture any evidence
o f global buckling during the compression test. Both the damaged specimens and the
open-hole specimens were instrumented extensively with strain gages near damage or the
hole to measure the strain distribution. A relationship between the compressive strength
and hole-diameter was established and compared with residual com pressive strength of
the damaged specimens to determine the "equivalent-hole specimens" o f the damaged
specimens. A similar relationship was established in terms o f the strain distribution due to
the hole and the damage in the specimen. Finally, a correlation between damage
parameters and "equivalent-hole specimens" was established, which could be used as a
measure o f damage resistance and damage tolerance o f pultruded com posite structures.

6.2

Experimental Program

6.2.1

Quasi-Static Indentation Testing

6.2.1.1 Specimen Preparation and Test Procedure
Plate specimens o f 6.3-mm and 12.7-mm thickness were prepared from the
pultruded composite sheets. Specimens with a length o f 152-mm and width o f 102-mm
were machined from a pultruded sheet o f 6.3-mm thickness, and specimens o f length
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254-mm and width 178-mm were machined from a pultruded sheet o f 12.7-mm
thickness. A total o f thirty specimens were machined from each thickness.
The quasi-static indentation tests were performed on a 89 kN servo hydraulic load
frame manufactured by Tinius-Olsen.

The platen, machined from a 51-mm thick

aluminum plate with an outside square dimension o f 406-mm, was rested on top o f the
51-mm thick aluminum upright that can be removed without taking the fixture out o f the
test frame.

The aluminum uprights were bolted to a 51-mm thick steel plate.

The

specimen was placed on the platen as a simply supported boundary condition on all four
edges and was loaded transversely quasi-statically. The specimens o f 6.3-mm thickness
were tested with a 19-mm diameter steel spherical indentor on a platen with a 51-mm
square cut out. The specimens o f 12.7-mm thickness were tested with a 38-mm diameter
steel spherical indentor on a platen with a 102-mm square cut out. Two direct current
differential transformers (DCDT’s) were used to measure the indentor movement and the
central plate displacement directly under the indentor. The tests were conducted in a
stroke control at a rate o f 1.27-mm/min.

The load and the displacements were recorded

using a WTN5000™ data acquisition system during the experiment. The photograph o f
the quasi-static indentation test set up is shown in Figure 6.1.

6.2.1.2 Dam age Evaluation

A total o f four types o f non-destructive analyses, dent depth, back surface crack
length, x-radiography and sectioning, were performed to document the external and the
internal damage. Dent depth was measured on the indentation surface o f each specimen
using the DCDT with a resolution o f 0.0007-mm. The specimens were set aside for at
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least 24 hours after testing so that the resulting dent would have time to relax to its
equilibrium state.

Specimens were held flat and the DCDT was traversed along the

length and the w idth directions through the dent. The dent depth was measured from the
relative distance betw een the flat surface and the maximum travel distance on the dent.
Dent depth data w ere averaged. To measure the crack length, the specimen was rested on
a flat surface with the non-indentation surface facing upward. Using a digital caliper, the
visible crack length was measured.
The internal damage in the form o f dam age area was determ ined using xradiography technique. The technique allows a through-thickness integrated view o f
delamination and m atrix cracking. The specimens were soaked on both sides with a zinc
iodide penetrant solution for 24 hours and were then x-rayed using a Faxitron™ x-ray
machine. A piece o f photographic film was placed directly under the specimen to capture
the image o f the internal damage in the form o f a negative. The positives were made
from the negatives and the planar damage area was calculated. Some specimens didn’t
show any damage on the x-ray photograph, especially at low force level; therefore, a
small hole o f 0.8-m m was drilled near the dam age. Dye-penetrant was injected via a
syringe into the hole and the specimens were x-rayed again. The average damage area
was determined from the x-ray photograph by superimposing on a grid o f 2 -mm square
and by counting the num ber o f squares that were within the damage map. The x-rayed
specimens were then sectioned along the longitudinal and the transverse direction, and
the sectioned specimens were then exam ined under a stereo microscope (OLYMPUS
SZ1145).
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6.2.2

Compression Testing

6.2.2.1 Test Specimen Preparation
All the compression plate specimens were fabricated from the pultruded
composite sheets o f 6.3-mm and 12.7-mm thicknesses. The widths and the lengths o f the
specimens were determined so that a strength failure would more likely to occur than a
buckling mode failure. Thus, buckling analyses were performed on various plate
specimens to determine the buckling load for various mode shapes.

The predicted

buckling load was used to determine the specimen dimension so that the expected failure
load is lower than the buckling load. Two different plate specimens were made. The
specimens o f 152-mm length and 102-mm width were cut from the 6.3-mm thick sheet,
while the specimens o f 254-mm length and 178-mm width were cut from the 12.7-mm
thick sheet.

The length direction o f all the specimens was chosen parallel to the

pultrusion direction. After cutting, all four edges o f each specimen were machined flat
and parallel, using a surface grinding machine (Brown & Sharpe 510) within 0.0025-mm,
to permit uniform compression loading. A total o f thirty specimens for each thickness
were prepared. Circular holes were machined in the center o f fifteen specimens for each
thickness with a diamond impregnated core bit. A wide range o f diam eter to width ratios
o f 0.075 to 0.75 was chosen. Two plexi-glass plates were placed on top and bottom o f the
composite specimens during the drilling operation to avoid any machining induced
damage, especially on the exit side. The drilling operation was perform ed in three steps,
starting with a small drill to the final hole size. For the case o f bigger holes, a reamer
tool was used with a very small radial feed until the required hole size achieved. Various
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levels o f damage were introduced in the center o f some o f the specimens using the quasi
static indentation loading as described in the previous section.

6.2.2J2 Instrumentation

One undamaged specimen (without a hole) at each thickness was instrumented
with several pairs o f back-to-back axial strain gages at various important locations. The
locations o f the strain gages are shown in Figure 6.2 for the 6.3-mm thick specimens and
in Figure 6.3 for the 12.7-mm thick specimens. It can be seen from Figure 6.2 that the
152-mm x 102-mm plate specimen was instrumented with a total o f three pairs o f backto-back strain gages, while the 254-mm x 178-mm plate specimen was instrumented with
a total o f five pairs o f back-to-back strain gages. The purpose o f these back-to-back strain
gages was to capture multiple buckling modes and also to verify uniform introduction o f
compression loading.
At least one specimen with each hole size was instrumented with several strain
gages: one pair o f back-to-back strain gages was placed 25-m m below the loading end
and oriented parallel to the direction o f applied load. These gages were used to measure
the surface strain; one strip gage, consisting of ten gages, along with several single gages
were mounted on the section between the hole edge and the specimen edge along the
horizontal axis o f symmetry. The strip gage was placed very close to the hole edge. All
the strain gages were orientated parallel to the direction o f the applied load to capture the
strain gradient due to strain concentration at the edge o f the hole; three additional strain
gages were placed inside the hole. At the intersection o f the hole edge and the horizontal
axis o f symmetry, one strain gage was oriented parallel to the applied load to measure the
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strain concentration, and one strain gage was orientated through the thickness o f the
specimen to monitor failure —in particular delamination that might initiate at the hole. At
the intersection o f the hole edge and the vertical axis o f symmetry, one strain gage was
orientated transverse to the applied load to monitor the tensile strain. A typical
instrumented specimen with hole is shown in Figure 6.4.
One damaged specimen at each thickness was also instrumented with several
strain gages orientated parallel to the applied load. The strain gages were mounted in the
section between the dam age and the specimen edge. Strain gages were mounted on both
the indentation side and on the non-indentation side.

6.2.2.3 Compression Test Fixture and Test Procedure
The end-gripped compression test fixture was used in this study to test the plate
specimens. This fixture has two pairs o f adjustable grips to accommodate specimens o f
different thicknesses. The specimen was placed in between the adjustable end grips and
w as pressed against each other using two C-clamps. The screws were tightened while
pressing the specimen-fixture together, so that the clamped boundary conditions can be
applied at the loaded ends. Two side fixtures with knife-edge restraints attached were
placed along the side o f the specimen so that simply supported boundary conditions were
applied to prevent w ide column buckling. A gap o f approximately 6.3-mm was left
between the side supports and the end grips to allow for compression o f the panel without
loading the fixture. A typical specimen in the support fixture ready for testing is shown in
Figure 6.5.
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All the test specimens were loaded quasi statically in axial com pression using a
Tinius Olsen 1.78-M N capacity hydraulic testing machine.

During the testing, two

D CD T’s were used: 1) at the specimen center and oriented transverse to the specimen to
measure the out-of-plane displacements (specimens with hole had the DCDT offset) and
2

) alongside the specim en oriented parallel to the direction o f load to measure the end

shortening.

All the electrical signals (strain gages, load and DCD T’s) were recorded

continuously using a WTN5000™ data acquisition system.
adjusted by applying

2 0

The loading platen was

percent o f the expected ultimate load while m onitoring the back-

to-back axial strain gages before final loading. The purpose was to place the specimenfixture assembly so that it was aligned with the testing machine. A constant crosshead
rate o f 1.2-mm/min was applied during the test. Photograph o f a typical experimental set
up during the com pression testing is shown in Figure 6 .6 .

6.3 Contact Force-Indentation Relationship
The Hertz [83] contact law has been used by many authors for studying o f impact
response o f hom ogeneous and isotropic materials [84-85]. The Hertz contact law can be
written as

F = K a}5

(6.1)

where F is the contact force, a is the indentation depth and K is the contact stiffness; K
depends on the m aterial properties o f the target and the indentor as well as the radius o f
the indentor. The contact stiffness for laminated composite material has been proposed by
Sun et al. [8 6 ] as
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- i- l

(6.2)

where D, vs and E are the diameter, Poisson’s ratio and the Y oung’s modulus of the
indentor, and E 3 is the Young’s modulus o f the composite plate in the thickness direction.
The E 3 was calculated from the laminate analysis and found to be

6 .8

GPa for the

pultruded composites. The contact coefficient, K for the 6.3-mm and the 12.7-mm thick
pultruded composites was calculated from equation 6.2 as 34.3 kN /m m 1'3 and 51
kN /m m 1'5 respectively.

6.4

Strain Concentration
The removal o f potential load carrying material from the center o f a panel causes

internal load transfer and strain concentrations which not only depend on the shape of the
cutout, but on the amount o f material removed. For circular holes in infinite isotropic
plates, the stress concentration factor on the hole centerline normal to load application is
3.0 [87]. The orthotropic extension o f this theory, developed by Tan [89], expresses the
stress concentration factor o f an infinite, homogeneous orthotropic plate as a function o f
laminate material properties as follows:

(6.3)

where Ei, E 2 , V12 and G 12 are the Y oung’s moduli in the load direction and perpendicular
to the load direction, the Poisson’s ratio and the shear modulus respectively. This
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relationship yields a value o f 3.7 for the 6.3-mm thick specimens and a value o f 3.7 for
the 12.7-mm thick specim ens. Any deviation from these values for different hole
diameters must be due to the finite size o f the specimen since hole size does not appear in
the stress concentration factor. Thus, the finite width correction factor must be included
to determine the stress concentration factor for finite size specimens. The approximate
orthotropic finite width correction factor (FWC) is given by following expression [88]:

2
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K-T g

+ ( - ) 6( «
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where Kxg is the stress concentration factor based on gross section area.

The improved theory for FW C factor is given by following expression [89]
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6.5

Results and Discussions

6.5.1

Damage Resistance Study

6.5.1.1 Repeatability Tests

The quasi-static indentation test program was begun with the repeatability tests. It
was decided to test four identical specimens at each thickness under the same testing
conditions. Each specimen was loaded up to the m axim um indentation force and was
unloaded once the indentation force started dropping. T he indentation force-displacement
data were compared am ong each group o f specimens and are shown in Figure 6.7 for the
6.3-mm thick specimens and in Figure 6.8 for the 12.7-mm thick specimens. It can be
seen from both the figures that the force-displacement behavior is fairly similar and
repeatable. The loading parts o f the force-displacem ent curves are very close to each
other, which indicates that the static indentation tests are fairly repeatable in terms o f the
load-displacement behavior. The repeatability tests w ere also performed in terms o f
damage parameters, such as maximum deflection, dent depth, back-surface crack length,
energy absorption and damage area.

The test results o f the repeatability tests are

summarized in Table 6.1 for the 6.3-mm thick specim ens and in Table 6.2 for the 12.7mm thick specimens. It can be seen from both the tables that indentation tests are fairly
repeatable in terms o f damage parameters with the differences attributable to normal
experimental variations.
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6.5.1.2 Damage Characterization Tests

A fter the repeatability tests, an attem pt was made to study the damage resistance
o f this class o f composite. In this phase o f the study, damage was introduced at various
incrementally increased force levels, selected from the indentation force-displacement
behavior o f the material up to failure. The load-displacement curves for various load
levels are shown in Figure 6.9 for the 6.3-mm thick specimens and in Figure 6.10 for the
12.7-mm thick specimens. At each load level, five specimens were loaded and unloaded.
The surface dam age was measured for all the specimens. However, only two specimens
at each load level were sectioned along the longitudinal and the transverse direction
followed by the x-radiography examination. The sectioned specimens were photographed
using the stereo microscope. The rest o f the specimens were reserved for the compression
tests to be conducted later.
Typical photographs o f the surface damage on the indentation side are shown in
Figures 6 .1 1 for the 6.3-mm thick specimens and in Figure 6.12 for the 12.7-mm thick
specimens. It can be seen from these figures that the surface damage on the indentation
side is in the form o f dent. However, the surface damage on the opposite side, shown in
Figures 6.13 and 6.14, is in the form o f a crack that is oriented mostly along the length
direction.

The s-shaped crack is observed for the 12.7-mm thick specimens (Figure

6.14). Typical x-radiographs showing the internal damage o f the 6.3-mm thick and the
12.7-mm thick specimen are shown in Figures 6.15 and 6.16 respectively. Damage is
indicated by the black region on each photograph and is nearly elliptical for the 6.3-mm
thick specimens (Figure 6.15) and was fairly elliptical in shape for the 12.7-mm thick
specimens (Figure 6.16). The major axis o f the elliptical shaped dam age coincided with
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the pultrusion direction. The ratio o f th e major axis length to the m inor axis length o f the
damaged region for 12.7-mm thick specim en was higher com pared to the 6.3-mm thick
specimens. The x-radiographs for ottaer damage levels also show ed similar damage
regions.
Summaries o f the damage charaicterization test results are shown in Table 6.3 for
the 6.3-mm thick specimens and in T able 6.4 for the 12.7-mm thick specimens. The
tables include average damage area, d«ent depth, back surface crack length and energy
absorption. It can be seen from both th e tables that the dam age parameters within each
group vary widely.
The average damage area vs. m axim um indentation force relationship is shown in
Figure 6.17. It can be seen from Figure 6.17 that the average dam age area varies linearly
with the indentation force for both the thicknesses. There exists a threshold indentation
force to produce any damage in the striuctures, and this threshold force is higher for the
thicker specimens. The dent depth vs. maximum indentation force is shown in Figure
6.18. There exists a threshold indentatioon force, as seen from Figure 6.18, to produce a
permanent indentation on the structures., and this threshold force was found to be higher
for the thicker specimen. The relationship between energy absorption and the indentation
force is seen in Figure 6.19. The relationship is found to be linear for the 6.3-mm thick
specimens; however, the relationship i s non-linear for the 12.7-mm thick specimens
(Figure 6.19). Specimens do not absorb a n y energy unless a threshold indentation force is
applied. Beyond the threshold force, depending upon the level o f indentation force, the
material absorbs energy to produce dam age in the structure.
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The variation o f energy absorption as a function o f dent depth is shown in Figure
6.20. It can be seen th at the variation is linear for both the thicknesses. The thicker
specimens absorbed m ore energy to produce same am ount o f dent depth. The variation o f
back surface crack length as a function o f dent depth shows a non-linear relationship for
both the thicknesses (Figure 6.21). The average damage area varies linearly with the dent
depth for both the thicknesses (Figure 6.22). It can be seen from Figure 6.22 that there
exists a threshold dent depth below that no damage was observed.

Actually, as

mentioned, pultruded com posites consist o f thin resin rich layer on the top and bottom
surface to protect the fiber.

Thus, during the indentation test, a fairly sufficient dent

depth was found with a very small indentation force, which is not sufficient to produce
any damage in the structures.
The photomicrographs o f the sectioned specimens are shown in Figures 6.23
through 6.28 for the 6.3-m m thick specimens. It can be seen from Figure 6.23 that there is
no evidence o f damage at 4.0 kN load level. This load level was not sufficient to produce
any damage in the structure. The photographs at 4.9 kN damage level shown in Figure
6.24 show only a very few matrix cracks. The m atrix cracks are observed in the
transverse section. At 5.8 kN damage level, the transverse section (Figure 6.25b) show
delamination between the roving and the CSM layer located in the tensile side o f the
specimens. In fact, the matrix cracks begins to propagate through the thickness o f the
specimen and eventually form delamination. The delamination is extended further as the
indentation load increases. The photomicrograph at 6.7 kN damage level is shown in
Figure 6.26. It can be seen from the figure that the delam ination is also visible in the
longitudinal section. The delamination grows even towards the indentation side at this
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load level. Fiber breakage is also observed along with delamination. Extensive
delamination accom panied by fiber breakage at 7.3 kN load level is shown in Figure
6.27, and the com plete fiber breakage is observed in Figure 6.28.
Photomicrographs showing the damage progression through the thickness o f the
12.7-mm thick specim en at different indentation loads are shown in Figures 6.29 through
6.33. No visible dam age was found at 11.5 kN and 13.1 kN load levels, as shown in
Figures 6.29 and 6.30. The dark region shown in these photographs are the inherent
voids present in the 12.7-mm thick composites. A few matrix cracks is observed at 15.6
kN load level (Figure 6.31). Delamination between the roving layer and the CSM layer,
and the failure o f the CSM layer in the tensile side is observed from the Figure 6.32. At
higher load levels the delamination is observed both on the indentation side and the
tensile side o f the 12.7-mm thick composite (Figure 6.33). Intraply delamination within
the roving layers and failure o f roving layer on the tensile side o f the composite specimen
are also observed. The delamination extends through the thickness in both longitudinal
and transverse directions.

6.5.1.3 Contact Behavior

The contact behavior between the composite plate and the steel indentor was
investigated to determ ine the force-indentation (F -a) relationship at various indentation
stages. The F -a relationship at small indentation stage is shown in Figure 6.34 for the
6.3-mm thick specimens and in Figure 6.35 for the 12.7-mm thick specimens. In these
figures, data for three specimens are shown and found to be representative o f the material
behavior. From Figure 6.34 for the 6.3-mm thick specimens, the contact stiffness was
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determined from the best-fit curve (F = K a 1'5) and is found to be 34.3 kN/mm1'5. The
modified Hertz law (equation 6.2) predicts a contact stiffness o f 37.9 kN/m m IJ, which is
10% higher than the experimental value.
The force-indentation behavior for the 12.7-mm thick specimens is shown in
Figure 6.35. Data for three specimens were included. It can be seen from Figure 6.35 that
the data represent the material behavior. The contact stiffness was measured as 51.7
kN /m m 1'3 using a similar curve fitting. The modified Hertz law predicts the contact
stiffness o f 53.5, which is 3.5% higher than the measured value. The ratio o f predicted
contact stiffness for the 6.3-mm to 12.7-mm thick specimen is found to be 0.708 as
compared to the measured ratio o f 0.66.
The F -a relationship for large indentation depths is shown in Figure 6.36 for the
6.3-mm thick specimens and in Figure 6.37 for the 12.7-mm thick specimens. It can be
seen from both the figures that the relationship is continuous up to a certain value o f
indentation. Beyond that value the relationship is no longer continuous, and the
indentation decreases with increasing contact force. The indentation at which the
behavior is no longer continuous can be referred as the critical indentation. This value is
found to be approximately 0.23-mm for the 6.3-mm thick specimens and 0.43-mm for the
12.7-mm thick specimen. The critical indentation for the 12.7-mm thick specimens is
approximately twice as compared to the 6.3-mm thick specimens.
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6.5.2

Damage Tolerance Under Compression

6.5.2.1 Response of Undamaged Specimens
It was m entioned that one specimen o f the 6.3-m m thickness was instrumented
with three-pairs o f back-to-back axial strain gages and one specimen o f the 12.7-mm
thickness was instrum ented with five-pairs o f back-to-back axial strain gages to capture
the multiple buckling m odes and to verify the uniform load introduction. The stress vs.
strain response o f the two back-to-back strain gages located at the plate center for the 6.3mm thick specimen is show n in Figure 6.38. It can be seen from Figure 6.38 that the two
back-to-back strain gage data are very close to each other up to 91% o f the failure load.
Beyond that load level, the two back-to-back strain gages readings show divergence until
complete failure. The stress-strain behavior is very linear up to 91% load level. The load
vs. displacement behavior o f the same specimen is show n in Figure 6.39. Both the endshortening and out-of-plane displacement curves are included. The out-of-plane
displacement increased suddenly in this m anner as show n in Figure 6.39 indicating the
evidence o f local buckling beyond 91% o f the failure load. The end shortening behavior
is fairly linear up to failure except at the very beginning o f the load introduction.
The stress vs. strain response of the two back-to-back strain gages located at the
plate center for the 12.7-mm thick specimen is showm in Figure 6.40. It can be seen from
Figure 6.40 that the stress vs. strain behavior is linear and the back-to-back strain data are
very consistent up to 96% o f the failure load. The out-of-plane displacement behavior as
showm in Figure 6.41 does not show any evidence o f local buckling.
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A summ ary o f the test results for the undamaged specimens o f both the
thicknesses is shown in Table 6.5. The table includes the individual test results and the
average values. The failure strain values shown in the parentheses were calculated from
the failure stress and the compressive modulus. The measured failure strains are also
shown in Table 6.5. It can be seen from Table 6.5 that the compressive strength and the
failure strain are higher for the 6.3-mm thick specimens as compared to 12.7-mm thick
specimens. This is because the 12.7-mm thick material has more internal flaws (discussed
in Chapter rV).
Typical photographs o f the fractured undamaged specimens are shown in Figures
6.42 for the 6.3-mm thick specimens and in Figure 6.43 for the 12.7-mm thick specimens.
All the undamaged specimens fractured near the center o f the specimen, and the failure
surface extended across the width o f the specimen. The failure modes indicated that
specimens failed due to compression and not because o f global buckling.

6.5.2.2 Response of Specimens with Holes
To facilitate discussion, the compression response o f the specimens with circular
holes will be discussed individually. The compression response includes the stress vs.
strain

response,

load

vs.

displacement

behavior,

compressive

strength,

strain

concentration, and strain distribution near the hole and the compressive failure modes.
The strain gage data reported in each figure include the axial surface strain and the strains
measured over the inside surface o f the hole. As mentioned before, the surface strain gage
was located 38-mm below the loading end and oriented parallel to the applied load. Strain
values inside the hole were measured using strain gages orientated parallel to the loading
direction, transverse to the loading direction and in the thickness direction.
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6.5.2.2.1Specimens with 6.3-mm Thickness
The stress vs. strain responses for the 6.3-mm thick specimens with different hole
diameters are shown in Figures 6.44 through 6.46. It can be seen from those figures that
the surface strain values are compressive in nature except for the specimen with large
hole (D/W = 0.75). This is due to the fact that the surface strain gage is located very close
to the edge o f the hole for specimens with large hole, where the state o f stress is tensile in
nature. The magnitude o f the surface strain decreases as the hole diameter increases. The
strain gages located inside the hole and orientated parallel to the applied load failed
before the specimen failure. The strain gages were out o f range at approximately 1.625%
strain. The behavior o f the axial surface strain and axial strain inside the hole is fairly
linear up to failure. However, the response o f the thickness strain and the transverse strain
inside the hole are nonlinear for the specimens with D/W = 0.25 and tends to show linear
behavior for other as D/W values. The thickness gage and the transverse gage readings
were very close to each other for the range o f D/W investigated. The erratic behavior o f
the strain gages very near to failure load indicates that the strain gages loose contact with
the specimen, possibly due to local damage in the composite.
Typical load vs. displacement behavior for the 6.3-mm thick specimen with D/W
= 0.75 is shown in Figure 6.47. Both the end shortening and the out-of-plane
displacement are shown. The out-of-plane displacement transducer was placed very close
to the edge o f hole and was located at the interaction o f the hole edge and the axis
perpendicular to the applied load. It can be seen from Figure 6.47 that out o f
displacement behavior didn’t show any evidence of buckling. The load vs. end shortening
behavior is fairly linear up to failure except at the beginning o f the load introduction.
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The axial strain distributions for various hole-sizes on 153-mm wide specimens
for the 6.3-mm thickness are shown in Figure 6.48. It can be mentioned that the strain
values on the surface o f the specimens hole were m easured using special type strain
gages except for D/W =0.075 and are included in this figure. For this specimen, the hole
was so small to m ount strain gage on the surface o f the hole and only the surface strains
near the hole were m easured. The measured strain values were normalized by remote
applied axial strain o f 0.0009, which is well below the failure strain for any o f the
specimens tested. The horizontal axis is the distance m easured from the plate center
normalized by the half-w idth o f the specimen. It can be seen from Figure 6.48 that the
strain values are highest on the surface of the hole and are found to be higher as the size
o f the hole increases. The strain values are decaying as the distance from the edge o f the
hole increases. The decay rate is found to be higher as the size o f the hole decreases. The
variation o f strain concentration (Kx) factor as a function o f hole diameter for the 6.3-mm
thick specimens is shown in Figure 6.49. The theoretical strain concentration factors for
various hole diameters w ere calculated from equations (6.4) and (6.5) and superimposed
in Figure 6.49. It can be seen from Figure 6.49 that the experimental values agreed well
with improved theory as com pared to approximate theory for larger hole diameter.
An attempt was m ade to determine the failure initiation mechanisms and the
failure progression m echanism s o f 6.3-mm thick specimens with holes. In order to
determine the failure initiation, the plate specimens with a hole were loaded in
compression until the first cracking noise was heard. At this load, at least one specimen
for each hole size was unloaded and removed from the test fixture for microstructural
examination. Specimens w ere sectioned and examined under a stereo microscope.
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The photomicrographs o f the 6.3-mm thick specimens with a hole are shown in
Figures 6.50 for DAV = 0.25 and in Figure 6.50 for D/W = 0.5. It can be seen from those
figures that the delamination initiated at the edge o f the hole due to the stress
concentration. Possibly, the delamination triggered to cause m icrobuckling o f the roving
layer. A typical photograph o f the fractured open hole specimen is show n in Figure 6.52
for the 6.3-mm thick specimen. It can be seen from this figure that the failure initiated at
the edge o f the hole and extended toward the edges o f the specimen. In order to examine
the failure surface, the specimens with holes were sectioned along the length direction
and photographs were taken. The photographs o f the sectioned specimens for various
hole diameters o f the 6.3-mm thick specimens are shown in Figures 6.53 and 6.54. It can
be seen from these figures that failure mechanisms consist o f delamination, fiber
microbuckling and shearing of CSM layer located in the middle. The delamination was
found to be more pronounced as the hole diam eter increased. The dam age also depends
on the load, i.e., how soon before the final failure the test was stopped.

6.5.2.2.2 Specimens with 12.7-mm Thickness
The stress vs. strain responses in com pression for the 12.7-mm thick specimens
with various hole sizes are shown in Figures 6.55 through 6.57. It can be mentioned that
the surface strain gage was on the surface o f the specimen, oriented parallel to the
direction o f applied load and was located 25-mm from the loading edge. The transverse
strain gage, the thickness strain gage and the axial gage were on the surface o f the hole.
The transverse gage was oriented transverse to the applied load and was located at the
interaction o f the hole edge and the direction o f applied load. The thickness gage and the
axial gages were located at the interaction o f the hole edge and transverse to the applied
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load; the thickness strain gage was oriented through the thickness and the axial gage was
orientated parallel to the applied load. It can be seen from these figures that the axial
surface strain and the axial strain inside the hole vary linearly until the failure load. The
axial strain inside the hole shows a little irregular behavior in the beginning o f the load
for the large hole diameter (D/W=0.75, Figure 6.57). The behavior o f the thickness strain
is found to be different for the specimen with D/W= 0.25 as compared to other diameter
investigated. For D/W = 0.25 (Figure 6.55), the thickness strain varies linearly up to 90
MPa. Beyond that stress level the thickness strain variation is found to be nonlinear. In
fact, matrix cracking was heard during the compression testing when the axial
compressive stress reached approximately 90 MPa, and the cracking noise continued with
increasing load until failure. The thickness strain behavior beyond 90 MPa suggests that
delamination has occurred. It can be seen from Figure 6.56 that the thickness strain
behavior and the transverse strain behavior are very similar for the specimen with D/W =
0.5. The transverse strain tends to decrease while thickness strain tends to increase as the
hole diameter increases. The surface strains are tensile in nature for the specimen with
D/W = 0.75 (Figure 6.57), which indicates that the stress distribution due to larger hole
size affects the surface strain. This is due to the fact that the strain gage is located very
close to the hole edge for D/W = 0.75 specimen and influenced by the hole strain
distribution.
Typical load vs. displacement behavior of the specimens with hole of D/W = 0.75
is shown in Figure 6.58. The out o f plane displacement behavior shows no evidence of
local buckling. The end-shortening behavior is linear up to failure except at the
beginning. In fact, the load vs. end shortening behavior was found similar for all the
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compression testing with the end-gripped fixture. The out o f plane displacem ent behavior
was also very similar for other hole sizes, and did not show any evidence o f local
buckling.
The axial strain distributions for various hole-sizes on 254-mm w ide specimens
for the 12.7-mm thickness are shown in Figure 6.59. It can be m entioned that the axial
strains on the surface o f the specimens hole were measured using special type strain
gages except for D/W =0.075 and are included in this figure. For this specimen, hole was
so small to mount strain gage on the surface o f the hole and only the surface strains near
the hole were measured. T he measured strain values were normalized by remote applied
axial strain o f 0.0011, w hich is well below the failure strain for any o f the 12.7-mm thick
specimens tested. The horizontal axis is the distance measured from the plate center
normalized by the half-width o f the specimen. It can be seen from Figure 6.59 that the
strain values are highest on the surface o f the hole and are found to be higher as the size
o f the hole increases. The strain values are decaying as the distance from the edge o f the
hole increases. The decay rate is found to be higher as the size o f the hole decreases. The
variation o f strain concentration (K t ) factor as a function o f hole diam eter for the 12.7mm thick specimens is show n in Figure 6.60. The theoretical strain concentration factors
for various hole diam eters were calculated from equations (6.4) and (6.5) and
superimposed in Figure 6.60. It can be seen from Figure 6.60 that the experimental values
agreed well with im proved theory as compared to approximate theory for larger hole
diameter.
The photomicrographs showing the initiation o f failure for the 12.7-mm thick
specimens with holes are show n in Figures 6.61 for D /W = 0.50 and in Figure 6.62 for
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D/W = 0.75. It can be seen from Figure 6 .6 1 that the specim en w ith hole o f D/W = 0.50
failed due to delamination, which was initiated at the edge o f the hole and possibly
triggered to cause fiber microbuckling o f the roving layer. H ow ever, the specimens with
hole o f D/W = 0.75 show delamination and shearing o f the CSM layers. A typical
photograph o f the fractured open hole specimen is shown in Figure 6.63 for the 12.7-mm
thick specimen. It can be seen from the figure that the failure initiated at the edge o f the
hole and extended toward the edges o f the specimen. In order to examine the failure
surface, the specimens with holes were also sectioned along the length direction and
photographed. The photographs o f the sectioned specimens for various hole diameters of
the 12.7-mm thick specimens are shown in Figures 6.64 and 6.65. It can be seen from
those figures that failure mechanisms consist o f delamination, fiber microbuckling and
shearing o f CSM layer.

6.5.2.3 Compressive Strength of Specimens with Holes
The summ ary o f the compression test results with various hole diameters is shown
in Table 6.6 for the 6.3-mm thick specimens and in Table 6.7 for the 12.7-mm thick
specimens. The individual test results and the average values are also shown. The failure
stress was calculated from the failure load by dividing the cross-sectional area. The
failure strains were determined from the failure stress dividing the compressive modulus.
It can be seen from the both the tables that data with in each group o f specimens are very
close.
The variation o f compressive strength as a function o f hole diameter to width ratio
for both the thicknesses is shown in Figure 6.66. The com pressive strengths o f the
specimens without holes were also included. It can be seen from Figure 6.66 that
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although the compressive strength o f undamaged specimens is higher for the 6.3-mm
thick specimens a compared to 12.7-mm thick specimens, the differences decrease for the
specimens with holes.

6.5.2.4 Compression Behavior of Damaged Specimens

6.5.2.4.1 Specimens with 6.3-mm Thickness
The stress vs. strain response for the 6.3-mm thick specimen, damaged by
transverse loading at 7.3 kN load, is shown in Figure 6.67. The strain gages were located
very close to the damage region on both the indentation side and the opposite side. It can
be seen from Figure 6.67 that the magnitude o f the strain on the indentation side is higher
than the opposite side. This could be due to the fact that more damage present in the
opposite side causes local stiffness degradation, which results lower local strain as
compared to the indentation side.
The load vs. displacement response is shown in Figure 6.68. Both the end
shortening and the out o f plane displacement data are included. The out o f plane
displacements were measured using two DCDT’s placed transversely on both sides at the
plate center. The behavior o f the two DCDTs shows local buckling after the applied load
o f 33% o f the failure load. Multiple steps on load vs. end shortening curve showed load
drop and rise after approximately 65 MPa until failure. A continuous cracking noise was
heard with increasing load until failure occurred.
The strain distribution in the vicinity o f the damaged region for the 6.3-mm thick
specimen is shown in Figure 6.69. Several pairs o f strain gages were mounted both on the
indentation side and on the opposite side to capture the strain gradient due to presence of
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damage. It can be seen that the s tra in concentration was present on the indentation side. It
can also be noticed that the strain gages reading on both side o f the specimen merge
together far away from the damage:. This behavior indicates that there was no damage
after 40-mm distance from the centeir of the specimen.
The photograph o f the ty p ic a l fractured specimen with prior indentation damage
is shown in Figure 6.70 for the 6 .3 -m m thick specimen. It can be seen from the figure that
the failure initiated at the damaged reg io n and propagate across the width.

6.5.2.4.2 Specimens with 12.7-mm Thickness
The stress vs. strain response for the 12.7-mm thick specimen, damaged at 18.7
kN load, is shown in Figure 6.71. TThe strain gages were located on the indentation side
and on the opposite side o f the specinmen very close to the dam aged region. It can be seen
from Figure 6.71 that the m agnitude o f the strain on the indentation side is higher than
the back surface strain reading, whi.ch is similar to 6.3-m m thick specimen. The strain
gage located on the opposite side slnows irregular behavior until failure with very little
change in strain with the applied stress. The strain gage located on the indentation side
shows fairly linear behavior at higherr load as compared to the very beginning o f the load.
The load vs. displacement response is shown in Figure 6.72. Both the end
shortening and the out o f plane cflisplacement data are included. Two out-of-plane
displacement transducers were useed to record the out-of-plane displacement. One
transducer was placed at the indentation side and was located on the center o f the dent.
The other transducer was placed at tine opposite side and was located on the center o f the
damage. The two out o f plane displacem ents show local buckling approximately 40% o f
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the failure load. The load vs. end shortening curve is very linear up to failure load without
any load drops.
The strain distribution in the vicinity o f the damage for the 12.7-mm thick
specimen is shown in Figure 6.73. Several pairs o f strain gages were also mounted both
on the indentation side and the opposite side to capture the strain gradient on both sides
due to presence o f dam age. To check the repeatability o f the strain measurements, the
strain data for two independent tests are shown in this figure. It can be seen from Figure
6.73 that the strain data are very much repeatable. It can also be seen that the strain
concentration was present on the indentation side only. It is noticed that the strain gages
reading on both side o f the specimen are approaching together far away from the damage.
The photograph o f the typical fractured specimen with prior indentation damage
is shown in Figure 6.74 for the 12.7-mm thick specimen. It can be seen from the figure
that the failure initiated at the damaged region and propagated across the width.

6.5.2.S Residual Compressive Strength After Indentation Damage
The sum m ary o f the compression test results o f the damaged specimens o f both
the 6.3-mm and 12.7-mm thick specimens are shown in Tables 6.8 and 6.9 respectively.
The individual data w ere included at each damage level. The failure strain was calculated
from the failure stress dividing the compressive modulus. The measured strains were also
included for some specimens. The measured strain values were found to be lower than
the failure strain calculated from the failure load for both the thicknesses. The failure
stresses at each indentation damage were found very close showing less scatter. This is
because the damage in the composite controlled the compressive failure for both the
thicknesses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

6.S.2.6 Correlation between Damaged and Open Hole Specimens
The compressive strength and the strain distribution due to the hole and prior
indentation damage in the specimens were compared to extract a param eter that could be
used as a measure o f damage resistance and tolerance o f pultruded composites.
The strain distribution in the vicinity o f the hole and the damage are shown in
Figure 6.75 for the 6.3-mm thick specimens and in Figure 6.76 for the 12.7-mm thick
specimens. The strain distribution for various hole sizes was included in each figure;
however, only strain distribution due to indentation damage was included for the damage
level o f 7.3 kN for the 6.3-mm thickness and o f 18.7 kN for the 12.7-mm thick specimen.
It can be seen from both Figures that the strain distribution the hole specimen with D/W
= 0.075 is found to be very close to the 7.3 kN indentation damage for the 6.3-mm
thickness and 18.7 kN indentation damage for the 12.7-mm thickness. It is to be noted
that the strain concentration for this hole size (D/W=0.075) was not measured because o f
the difficulties due to the small size hole.
The residual compressive strength as a function o f hole size was established by
fitting a best fit curve, and the residual compressive strength o f the dam aged specimens
were superimposed on the best fit curve to determine the "equivalent-hole-diameter" of
the damaged specimen. The superimposed compressive strength data for the damaged
specimens and hole specimens is shown in Figure 6.77 for the 6.3-mm thickness and in
Figure 6.78 for the 12.7-mm thickness. The scatter band o f the experimental data is also
shown as an error bar. It can be shown from both the figures that scatter was found higher
for the damaged specimens as compared to the open hole specimens. The "equivalent-
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hole-diameter" was extracted from each figure and was plotted as a function o f various
damage parameters.
The relationship between the "equivalent-hole-diameter" and the back surface
crack length for both the specimens is shown in Figure 6.79. A best-fit straight line was
also shown to represent the data for each thickness. It can be seen from Figure 6.79 that
the experimental data fall very close to the best fit lines, which indicates that the
relationship cane be represented as linear. The slope o f the curve is found to be higher for
the 6.3-mm thick specimens as compared to 12.7-mm thick specimens. The relationship
between the "equivalent-hole-diameter" and the dent depth is shown in Figure 6.80. It can
be seen from Figure 6.80 that the relationship is very non-linear and this relationship can
be represent by a single curve for both the thicknesses. The "equivalent-hole-diameter" as
a function o f damage diam eter is shown in Figure 6.81 for both the thicknesses. It can be
seen from Figure 6.81 that the relationship is linear. However, the different best-fit
straight-line equation is needed to represent the behavior for each thickness.
The residual compressive strength data were also plotted as a function o f damage
parameters. The variation o f residual compressive strength as a function o f dent depth is
shown in Figure 6.82 for both the thicknesses. It can be seen from the figure that the
relationship can be represented using a single curve for both the thicknesses. The
compressive strength vs. damage area for both the thicknesses is shown in Figure 6.83. It
can be seen from this figure that a single curve can be drawn to represent the relationship
for both the thickness. The residual compressive strength as a function o f indentation
force for both the thicknesses is shown in Figure 6.84. The corresponding undamaged
strength was also included. It can be seen from this figure that the damaged specimens
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did not show any degradation o f compressive strength unless the threshold indentation
force was exceeded. This threshold fore is found to be higher for the thicker specimens.
The residual com pressive strength as a function o f back surface crack length is shown in
Figure 6.85 for both the thicknesses. It can be seen from this figure that a single curve
can also be drawn to represent the relationship both the thicknesses.
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Figure 6.1: Photograph o f the quasi-static indentation test setup
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Figure 6.2: Strain gages locations (back-to-back) for the 152-mm x 102-mm plate
specimen (6.3-mm thick)
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Figure 6.3: Strain gages locations (back-to-back) for the 254-mm x 178-mm plate
specimen (12.7-mm thick)
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Figure 6.4: Typical instrumented open hole specimen

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 6.5: Typical specimen in the support fixture ready to test
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Figure 6.6: Photograph o f the typical compression testing showing the data
acquisition system and the D C D T’s
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Figure 6.7: Indentation force as a function o f plate center displacement for the
repeatability test (6.3-m m thick)
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Figure 6.8: Indentation, force as a function o f plate center displacement for the
repeatability test (12.7-mm thick)
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Table 6.1: Summary o f the repeatability test results for the 6.3-m m thick specim ens

6.9

408-27B

5.3

7.3

17.6

1.7

43.2

26.0

12899-03

6.1

6.3

15.3

2.0

47.2

32.1

12899-02

6.5

7.1

16.6

2.0

50.5

32.2

408-26

17.0

1.9

51.3

30.5
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Table 6.2: Summary o f the repeatability test results for the 12.7-mm thick specim ens

Specimen ID

Max. deflection

Max. Indentation

(mm)

force
(kN)

Dam age area
(cm 2)

Dent depth
(mm)

Back surface
crack length
(mm)

Energy
absorbed
(N-m )

r
507-24

10.7

17.9

65.4

2.9

96.5

123.1

507-02

10.4

18.7

68.3

2.0

73.7

115.2

507-21

9.4

18.9

-

1.7

81.3

99.6

507-22

9.4

18.6

-

2.1

97.3

101.4
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Figure 6.9: Indentation force as a function o f plate center displacement at various
unloading stages for 6.3-mm thick specimen
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Figure 6.10: Indentation force as a function o f plate center displacement at various
unloading stages for 12.7-mm thick specim en
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Figure 6.11: Photograph showing front surface dam age at static indentation load o f 7.3
kN (6.3-mm thick)
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Figure 6.12: Photograph showing front surface dam age at static indentation load o f 16.8
kN (12.7-mm thick)
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Figure 6.13: Photograph showing back surface cracks at static indentation load of 7.3 kN
(6.3-mm thick)
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Figure 6.14: Photograph showing back surface cracks at static indentation load o f 16.8
kN (12.7-mm thick)
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Figure 6.15: Typical x-radiograph showing the internal damage due to quasi-static
indentation loading up to Failure (6.3-mm thick)
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Figure 6.16: Typical x-radiograph showing the internal damage due to quasi-static
indentation loading up to Failure (12.7-mm thick)
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Table 6.3: Sum m ary o f the damage characterization test results for the 6.3-mm thick
specimens
Specimen
ID*
CAI406-1
CAI406-2
CAI406-3
406-4
406-5

Load level

A (4.0 kN)

Damage area
(cm2)

D ent depth
(mm)

No damage
No damage
No damage
No damage
No damage

0.069
0.074
0.061
0.102
0.109

Back surface
crack length
(mm)
-

-

-

-

-

Energy
absorption
(N-m)
0.60
0.73
0.53
0.93
0.98

"
CAI406-6
CAI406-7
CAI406-8
406-9
406-10

-

-

B (4.9 kN)

1.20
1.68
-

CAI406-I1
CA I406-I2
CAI406-I3
406-14
406-15
CAI406-16
CAI406-17
CAI406-18
406-19
406-20

-

-

-

-

11.4
11.9
-

-

-

D (6.7 kN)

23.6
22.6
22.1
19.1
23.6

15.0
13.7

0.495
0.737
0.699
0.533
0.572

40.4
39.6
34.8
36.8
35.1

8.1
11.7
11.1
7.4
9.3

0.813
0.806
0.826
0.927
0.851

43.9
43.7
46.0
47.2
43.9

14/2
14.0
13.1
14.2
14.5
'

-.p-

CAI408-21
CAI408-22
CAI408-23
408-24
408-25B

3.2
2.8
2.6
2.5
4.5

-

-

C (5.8 kN)

0.239
0.203
0.206
0.178
0.254

-

-

-

E (7.3 kN)

17.0
15.7

1.753
1.00
1.143
1.041
0.902

51.1
50.8
45.0
45.7
46.2

■
•• '.1. -..i

' -f

22.2
15.6
17.1
17.5
13.8

* Specimen ID starts with CAI are for the damage tolerance study and specimen ED without CAI are for the
damage characterization
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Table 6.4: Summary o f the Damage Characterization Test Results for 12.7-mm thick
specimens
Specimen
ED*

Load level

CAI420-4
CAI420-6
CAI420-7
420-11
420-12
CAI420-3
CAI420-5
CAI420-8
420-1
420-2

A (11.5 kN)

No
No
No
No
No

0.18
0.19
0.23
0.20
0.19

17.8
22.6
19.6
20.8
14.7

B (13.1 kN)

13.0
10.8

0.52
0.42
0.50
0.34
0.48

24.3
28.5
49.0
40.9

0.90
0.84
0.66
0.81
0.80
; ■■
1.40
1.12
1.35
1.69
1.13

47.5
41.91
39.9
34.3
40.9
' .
70.6
66.3
65.0
62.2
60.5

65.4
68.3

1.65
2.12
2.03
2.92
1.99

C (15.6 kN)

CAJ507-16
CAI507-17
CAI507-18
507-19
507-20

D (16.8 kN)

damage
damage
damage
damage
damage

:

Energy
absorptio
n
(N-m)
6.9
7.5
8.4
9.7
7.7
23.3
15.8
24.6
16.4
27.0
::S,

Back surface
crack length
(mm)

1

Dent depth
(mm)

1

CAI420-15
CAI420-14
CAI420-13
420-9
420-10

Damage area
(cm2)

41.9
36.7
29.2
35.9
37.9
>... _r

79.8
77.7
91.9
88.9
77.2

64.4
48.5
63.2
67.3
55.3

81.3
97.3
88.9
96.5
73.7

99.6
101.4
81.5
123.1
115.1

1
CAI507-21
CAI507-22
CAI507-23
507-24
12899-02

E (18.7 kN)
: v v .:-

* Specimen ID starts with CAI are for the damage tolerance study and specimen ID without CAI are for the
damage characterization.
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Figure 6.17: Damage area as a function o f indentation force
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Figure 6.18: Dent depth as a function o f indentation force
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Figure 6.19: Energy absorption as a function o f maximum indentation force
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Figure 6.20: Energy absorption as a function o f dent depth
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Figure 6.21: Back surface crack length as a function o f dent dep»th
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Figure 6.22: Damage area as a function o f dent depth
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(a) Longitudinal

(b) Transverse

Figure 6.23: Photomicrographs showing no damage at 4 kN load
(6.3-mm thick)
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(a) Longitudinal

(b) Transverse

Figure 6.24: Photomicrographs showing few matrix cracks at 4.9 kN load
(6.3-mm thick)
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=0

■&
Transverse j
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(a) Longitudinal

(b) Transverse
Figure 6.25: Photomicrographs showing matrix cracks and delaminations at
5.8 kN load (6.3-m m thick)
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T ransverse

Longitudinal

(a) Longitudinal

(b)Transverse

Figure 6.26: Photomicrographs showing delamination accom panying with fiber
breakage at 6.7 kN load (6.3-mm thick)
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T ransverse
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(a) Longitudinal

(b) Transverse

Figure 6.27: Photomicrographs showing extensive delamination and fiber
breakage at 7.3 kN load (6.3-mm thick)
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(a) Longitudinal

(c) Transverse

Figure 6.28:Photomicrographs showing extensive delamination and fiber
breakage at failure load o f 7.3 kN (6.3-mm thick)
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Transverse
— — >
Longitudinal

(a) Longitudinal

(b) Transverse
Figure 6.29: Photomicrographs showing no damage at 11.5 kN load
(12.7-mm thick)
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V
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(a) Longitudinal

(b) Transverse

Figure 6.30: Photomicrographs showing no damage at 13.1 kN load
(12.7-mm thick)
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Longitudinal

(a) Longitudinal

(b) Transverse

Figure 6.31: Photomicrographs showing matrix cracks at 15.6 kN load
(12.7-mm thick)
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i>

T ransverse

Longitudinal

(a) Longitudinal

(b) Transverse
Figure 6.32: Photomicrographs showing matrix cracks and delamination at 16.8
kN load (12.7-mm thick)
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Longitudinal

(a) Longitudinal

(b) Transverse

Figure 6.33: Photomicrographs showing extensive delamination and fiber
breakage at failure load o f 18.7 kN (12.7-mm thick)
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Figure 6.34: Contact force vs. indentation relationship at small indentation stage for 6.3mm thick specimens
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Figure 6.35: C ontact force vs. indentation relationship at small indentation stage for 12.7mm thick specimens
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Figure 6.36: Contact force vs. indentation relationship at various indentation stages for
6.3-mm thick specimens
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Figure 6.37: Contact force vs. indentation relationship at various indentation stages for
12.7-mm thick specimens
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Figure 6.38: Compressive stress vs. strain response for 6.3-mm thick plate specimen with
back-to-back strain gages near plate center (3,6)
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Figure 6.39: Load vs. displacement plot for 6.3-mm thick specimen
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Figure 6.40: Compressive stress vs. ■strain response for 12.7-mm thick specimens with
back-to-back Strain gages located at plate center (4,9)
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Figure 6.41: Load vs. displacement plot for 12.7-mm thick specimen
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Table 6.5: Summary of the Test Results for Undam aged Plate Specimens in
Compression

Specimen
Thickness
(mm)

Specimen ED

Failure Load
(kN)
•■
• ... - •

6.3

12.7

•■
.■
_

Failure Stress
(Mpa)

Failure Strain*
%

- •;

1
2
3
Average

183.6
183.8
165.5
177.6

266.4
261.9
256.3
261.5

1.52(1.49)
(1-49)
(1-44)
1.52

1
2
3
Average

491.1
486.3
508.7
495.4

226.6
220.7
231.0
226.1

1.33(1.27)
(1-23)
(1-29)
1.33

^Failure strain in parenthesis calculated from failure load
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Figure 6.42: Photograph o f a typical fractured undamaged specimen (6.3-mm thick)
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Figure 6.43: Photograph o f a typical fractured undamaged specimen ( 12.7-mm thick)
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Figure 6.44: Compressive stress vs. strain curves for 6.3-m m thick plate specimen with
D/W = 0.25
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Figure 6.45: Compressive stress vs. strain curves for 6.3-mm thick specimen with
D /W = 0.50
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Figure 6.46: Compressive stress vs. strain curves for 6.3-mm thick plate specimen with
D /W = 0.75
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Figure 6.47: Load vs. displacement plot for 6.3-mm thick plate specimen with
D /W = 0.25
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Figure 6.48: Axial strain distribution in the vicinity o f a hole for several hole diameters in
102-mm wide plate specimens o f 6.3-m m thickness
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Figure 6.49: Variation o f strain concentration factor as a function o f hole diam eter to
width ratio (6.3-mm thick)
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Figure 6.50: Photomicrograph o f specimen with hole (D/W =0.25) showing initiation of
failure (6.3-mm thick)
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Figure 6.51: Photomicrograph o f specimen with hole (D/W =0.5) showing initiation o f
failure (6.3-mm thick)
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Figure 6.52: Photograph o f a typical failed specimen with hole (6.3-mm thick)
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:>

(a) Hole Diameter: 33-mm

(b) Hole Diameter: 45-mm

Figure 6.53: Photographs o f the cross section o f the failed specimens with various
diameter holes (6.3-mm thick)
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i>

(c) Hole Diameter: 56-mm

(d) Hole Diameter: 67-mm

Figure 6.54: Photographs o f the cross section o f the failed specimens with various
diameter holes (6.3-mm thick)
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Figure 6.55: Compressive stress vs. strain curves for 12.7-mm thick plate specimen with
D/W =0.25
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Figure 6.56: Compressive stress vs. strain curves for 12.7-mm thick plate specimen with
D/W =0.50
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Figure 6.57: Compressive stress vs. strain curves for 12.7-mm thick plate specimen with
D/W =0.75
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Figure 6.58: Load vs. displacement plot for 12.7-mm thick plate specimen with
D/W = 0.75
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Figure 6.59: Axial strain distribution in the vicinity o f a hole for several hole diameters in
178-mm w ide plate specimens o f 12.7-mm thickness
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Figure 6.60: V ariation o f strain concentration factor as a function o f hole diam eter to
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Figure 6.61: Photomicrograph o f specimen with hole (D/W =0.50) showing initiation of
failure (12.7-mm thick)
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Figure 6.62: Photomicrograph o f specimen with hole (D/W =0.75) showing initiation o f
failure (12.7-mm thick)
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Figure 6.63: Photograph o f a typical failed specimen with hole (12.7-mm thick)
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(a) Hole Diameter: 27-mm

(b) Hole Diameter: 41-mm

Figure 6.64: Photographs o f the cross section of the failed specimens with various
diameter holes (12.7-mm Thick)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

276

Figure 6.65: Photographs o f the cross section o f the failed specimens with various
diameter holes (12.7-mm thick)
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Table 6.6: Summary o f the Test Results for 6.3-mm thick specim ens with Hole1

Specimen

Hole D iam eter
to Width Ratio

Failure Load
(kN)

Failure Stress,
(M Pa)

Failure
Strain2, %

1

Hole
Diameter
(mm)
7.6

0.07

131.6

193.2

1.08

1

15.4

0.15

153.9

0.86

133.7
144.1
141.3
139.7

0.75
0.80
0.79
0.78

1
2
3
Average

22.3
22.4
22.3
22.3

0.22
0.22
0.22
0.22

106.0
r
93.3
99.6
92.2
95.0

1

33.0

0.32

71.2

103.7

0.58

1
2
3
Average

44.5
44.5
44.5
44.5

0.44
0.43
0.44
0.43

64.9
63.7
60.8
63.1

97.8
97.3
94.2
96.4

0.55
0.54
0.53
0.54

1

56.0

0.54

56.4

81.9

0.46

1
2
3
Average

66.7
66.7
66.7
66.7

0.65
0.65
0.65
0.65

45.0
N/A
40.2
42.6

67.4
N /A
62.4
64.9

0.38
N/A
0.35
0.37

;

lAll Compression Specimens have L = 153.4-mm, W = 102.6-mm and t = 6.6-mm
“Failure Strains were calculated based on the failure stress and the Y oung’s modulus
found from the short-block compression tests.
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Table 6.7: Summary o f the Test Results for 12.7-mm thick specimens with H ole1

Specimen

Hole Diameter
to W idth Ratio

Failure Load
(kN)

Failure Stress,
(MPa)

Failure
Strain2, %

1

Hole
Diameter
(mm)
13.5

0.07

342.7

158.6

0.89

1

26.7

0.15

279.0

129.1

0.72

1
2
3
Average

41.3
41.2
41.2
41.2

0.23
0.23
0.23
0.23

270.6
267.3
257.2
265.0

121.8
123.0
117.0
120.6

0.68
0.69
0.65
0.67

1

62.3

0.35

222.1

102.1

0.57

1
2
3
Average

82.6
82.5
82.5
82.5

0.46
0.46
0.46
0.46

200.4
200.1
197.6
199.4

90.7
90.3
89.9
90.3

0.51
0.50
0.50
0.50

1

101.5

0.57

130.8

60.8

0.34

1
2
3
Average

123.6
123.6
123.5
123.6

0.69
0.69
0.69
0.69

112.1
100.6
106.4
106.4

50.8
45.7
48.0
48.2

0.28
0.26
0.27
0.27

'A ll Compression Specimens have L = 255.0-mm, W = 178.8-mm and t = 12.3-mm
"Failure Strains were calculated based on the failure stress and the Young’s modulus
found from the short-block compression tests.
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Figure 6.66: Compressive strength as a function o f hole diameter to specimen width ratio
for 6.3-mm and 12.7-mm thick plate specimens

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

280

60

Compressive Stress (MPa)

50

40

Back Side
Indentation Side

30

20

10

0

0.2

0.4

0.6

0.8

Axial Compressive Strain (%)

Figure 6.67: Stress vs. strain curves for 6.3-mm thick plate specimen with damage
at 7.3 kN load (Strain gages are back-to-back near damage)
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Figure 6.68: Load vs. displacement curves for 6.3-mm plate specimen with damage
at 7.3 kN load (D CD T’s are located at center o f damage)
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Figure 6.69: Axial strain distribution in the vicinity o f the damaged region for 6.3-mm
thick plate specimen at a load o f 7.3 kN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

283

Figure 6.70: Photograph o f a typical failed dam aged specimen (6.3-m m thick)
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Figure 6.71: Stress vs. strain curves for 12.7-mm thick plate specimen with damage
at 18.7 kN load (Strain gages are back-to-back near damage)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.4

285

300

Out of Plane
(Indentation Side)

250

Load(kN)

200

End Shortening'
Out of Plane
(Opposite Side)

150

100

50

-4.5

-3.0

-1.5

0

1.5

3.0

4.5

Displacement (mm)

Figure 6.72: Load vs. displacement curves for 12.7-mm plate specimen with damage
at 18.7 kN load (DCDT’s are located at center o f damage)
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Figure 6.73: Axial strain distribution in the vicinity o f t h e damage for 12.7-mm thick
plate specimen at a load o f 18_7 kN
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Figure 6.74: Photograph of a typical failed damaged specimen (12.7-mm thick)
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Table 6.8: Summary o f the Test Results for 6.3-mm thick specimens with Static Damage

Specimen
1
2
3
Average
1
2
3
Average
1
2
3
Average
1
2
3
Average
1
2
3
Average

Damage Level
(kN)

4.0

4.9

5.8

6.7

7.3

Failure Load
(kN)
146.9
186.0
165.5
166.1

Failure Stress,
(M Pa)
212.0
265.0
236.0
237.7

Failure Strain,
%
1.19
1.49
1.32
1.33

121.3
121.9
117.1
120.1

172.2
173.5
168.3
171.3

0.97
0.97
0.94 (0.86)
0.96

85.4
85.5
89.0
86.6

133.3
130.7
133.7
132.6

0.75
0.73
0.75
0.74

82.1
86.9
80.2
83.1

124.1
128.7
123.0
125.3

0.70
0.72
0.69
0.70

84.0
N/A
79.1
81.6

124.5
N/A
115.8
120.2

0.70 (0.67)
N/A
0.65
0.68

'A ll Compression Specimens have L = 152-mm, W = 102-mm and t = 6.3-mm
“Failure Strains were calculated based on the failure stress and the Young’s modulus
found from the short-block compression tests. The measured strain values are the
parenthesis.
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Table 6.9: Summary o f the Test Results for 12.7-mm thick specimens with Static
Damage

Specimen
I
2
3
Average
1
2
3
Average
1
2
3
Average
1
2
3
Average
1
2
3
Average

Damage Level
(kN)

11.5

13.1

15.6

16.8

18.7

Failure Load
(kN)
433.9
392.5
366.7
397.7

Failure Stress,
(MPa)
198.6
179.8
166.2
181.5

Failure Strain,
%
1.11
1.00
0.93
1.01

313.7
381.8
315.5
337.0

143.3
171.9
143.0
152.7

0.80
0.96
0.80 (0.73)
0.85

326.2
296.8
297.3
306.8

147.2
133.4
134.6
138.4

0.82
0.74
0.75
0.77

284.4
262.6
298.6
281.9

128.2
119.0
135.2
127.5

0.72
0.66
0.75
0.71

265.2
263.4
259.0
262.5

120.0
121.0
117.4
119.5

0.67
0.68 (0.49)
0.66
0.67

'A ll Compression Specimens have L = 254-mm, W = 178-mm and t =12.7-mm
"Failure Strains were calculated based on the failure stress and the Young’s modulus
found from the short-block compression tests. The Measured strain values are in
parenthesis.
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Figure 6.75: Axial strain distribution for the 6.3-mm thick specimens w ith various hole
sizes and with damage at 7.3 kN load
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Figure 6.76: Axial strain distribution for 12.7-mm thick plate specimens with various
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Figure 6.77: A comparison o f compressive strength o f damaged specimens and
specimens with hole (6.3-mm thick)
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Figure 6.78: Comparison o f compressive strength o f damaged specimens and specimens
with hole (12.7-mm thick)
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Figure 6.79: Relationship between the equivalent hole diam eter o f the damaged
specimens and the back surface crack length
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Figure 6.80: Relationship between the equivalent hole diameter o f the damaged
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Figure 6.82: Compressive strength as a function o f dent depth
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Figure 6.83: Compressive strength as a function o f projected damage area
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CHAPTER VII

SUMMARY AND CONCLUSIONS

7.1

Summary

The primary thrust o f the present investigation is to characterize and model the
pultruded glass fiber reinforced polym er composites. The characterization includes
details such as: measurement o f elastic constants; the stress gradient effects on tensile
strength; compressive properties measurements; modeling o f compression test specimens
and finite element study o f compressive behavior; statistical treatment o f strength data;
damage resistance due to static indentation loading; and dam age tolerance due to hole
and damage in compression. The modeling o f material include the prediction o f layers
elastic and strength properties and subsequent use o f these data for stress analysis using
finite element method.
The elastic constants (both E and G) were measured for the 6.3-mm thick sheet.
Static tensile tests, vibration tests and ultrasonic tests w ere performed. Both the bar and
disk specimens were used to measure E and G in different inplane directions. The main
purpose o f this study was to determine the elastic constants o f pultruded composite
utilizing a single specimen, in the form o f circular disk, to measure all the elastic
constants using ultrasonic method. Piezoelectric transducers (E- and G-crystals) were
used to produce and detect dilatational waves (P-waves) and shear waves (S-waves) in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

302

ultrasonic method. E-crystals were used to only measure the P-wave velocity. The Swave velocity was measured using both the E-and G-crystals. Ultrasonic data generated
from the bar specimens were verified with the static tensile tests and vibration tests data.
Using a circular specimen, three independent methods were developed to measure all the
elastic constants from ultrasonic method.
The effects o f specimen size and stress gradient on tensile strength were also
studied. Specimens were prepared from the sheets o f 3.2-mm and 12.7-mm thicknesses
with the fiber orientation along the pultrusion direction and transverse to the pultrusion
direction. Specimens were tested in tension, 3-point flexure and 4-point flexure. A large
number o f data were generated for statistical analysis using a 2-parameter Weibull,
normal and lognormal distributions. The statistical parameters were determined and
compared for each test. The tensile strength was predicted from the flexure test data and
compared with the experimental results. The stress vs. strain response, the microstructural
examination and the failure analysis were also performed.
Compressive properties such as compressive strength, strain to failure and
compressive modulus were determined experimentally using a short-block compression
test specimen. Compression test specimens were prepared from the pultruded sheets with
thicknesses o f 6.3-mm and 12.7-mm. Specimens with the axial direction oriented at 0°,
30°, 45°, 60° and 90° to the pultrusion direction were prepared. The test specimens were
rectangular with a length o f 44.4-mm and a width o f 25.4-mm. The specimens were
instrumented with a pair o f back to back strain gage at the center o f the specimen to
check bending and global buckling. Five axial strain gages were also mounted across the
width o f some o f the specimens to check the uniform stress distribution. The ends and
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sides o f each specimen were machined flat and parallel. A large num ber o f specimens
were tested to determ ine the compression strength variability and also to determine the
design allowable. The failure analysis was perform ed using a stereo microscope to
determine the com pressive failure initiation and post failure mechanisms.
The damage resistance and damage tolerance o f 6.3-m m and 12.7-mm thick
pultruded composites w ere investigated. The plate specimens were tested under a quasi
static indentation loading to investigate the damage resistance. Dam age was induced in
the specimens at various incrementally increased force levels, selected from the loaddisplacement behavior o f the material up to failure. The extent o f dam age was measured
in the form o f dent depth, back surface crack length, etc., and in the form o f damage area
obtained from the x-radiography technique. The damaged specim ens were sectioned
along the longitudinal and transverse direction, and the sectioned specimens were
photographed using a stereo microscope in order to determine the dam age progression at
each load level. A correlation was established am ong the variables to extract a parameter
that could be used to m easure the damage resistance o f composite structures. The contact
behavior o f composite plate and the steel spherical indentor was also studied to determine
the contact force-indentation relationship. The contact stiffness was measured and
compared with modified Hertz law.
The end-gripped compression test fixture was used to investigate the damage
tolerance o f pultruded composites. Compression tests were perform ed on both the
damaged

specimens

and

the

open-hole

specimens.

Damaged

specimens

were

instrumented extensively with strain gages near the damage. The hole specimens were
instrumented with strain gages near the hole to m easure the strain distribution and inside

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

304

the surface o f the hole to capture the strain concentration as well as interlaminar strain.
The undamaged specimens were instrumented with several pairs o f back-to-back axial
strain gages to capture any evidence o f global buckling during the compression test. A
relationship between the compressive strength and hole-diameter was established and
compared with the residual compressive strength o f the damaged specimens to determine
the "equivalent-hole-diameter" o f the damage specimens. A strain distribution due to hole
and damage was compared. Finally, a correlation between damage parameters and the
"equivalent-hole-specimens" was established, which could be used as a measure o f
damage resistance and damage tolerance o f pultruded composite structures.
Pultruded composite materials were modeled to predict the elastic properties of
the constituent layers (roving and continuous strand mat) for the finite element study. A
compression test specimen was modeled using two-dimensional layered plate and shell
elements. The finite element analysis was perform ed to study the (i) specimen behavior,
(ii) in-plane stress distribution and (iii) the stress distribution through the thickness under
compressive loading.

7.2

Conclusions

7.2.1

Measurement of Elastic Constants

In-plane elastic moduli o f pultruded composites have been determined by static
(strain gages), vibration (natural frequencies) and ultrasonic (piezoelectric transducers)
methods. Seven bar specimens, 305-mm long and 25-mm wide with their axis making 0°
to 90° in increment o f 15° with the pultruded direction, were tested in static tension (with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

305

strain gages), in flexural vibration (with accelerometer and impact hammer) and in
ultrasonic with piezoelectric sensors. In ultrasonic m ethod, Y oung’s modulus was
measured with E-crystals, and shear modulus was m easured with E and G-crystals.
Slotted and unslotted bars and three circular disks (305-m m , 75-mm and 25-mm
diameter) were used as test specimens. The static results w ere used as a base line data for
the ultrasonic results. Dynamic modulus was measured using flexural vibration o f bar
specimens for three modes, and was found negligible effect on excitation frequencies.
However, the Young’s modulus, measured using ultrasonic methods, was found to be
higher than the static values for bar and disk specimens. This could be due to the effect o f
dynamic effects in ultrasonic tests. The 25-mm diameter disk specimen was found to be
inappropriate for the ultrasonic measurement. Shear modulus measured using G-crystals
and E-crystals on bar and disk specimens was found to be agreed well when compared to
the static results. Finally, ultrasonic method was used to m easure from all the in-plane
elastic constants using the 305-mm disk specimen. Three independent test procedures
were developed and utilized, namely, wave propagation velocity, P-wave propagation
and S-wave propagation, to determine all the elastic constants o f pultruded composites. It
was found that the in-plane elastic constants measured all three ultrasonic methods were
very close to the static values, except for the transverse m odulus. The E(0) and G(9) as
function o f fiber orientation angles were found to be higher for all three ultrasonic
methods as compared to the static method.
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7.2.2

Stress Gradient Effects on Strength

A large num ber o f specimens were tested in tension, 3-point flexure and 4-point
flexure to investigate the stress gradient effect on tensile strength. Tw enty identical
specimens for each case were prepared from 3.2-mm and 12.7-mm thick sheet along the
0° and 90° directions. The two-parameter W eibull model was applied to analyze the test
data. The shape param eter and the scale param eter were determined for each case using
least square fitting in a linearized form o f distribution, and the probability o f survival
plots were com pared with the experimental data for tension, 3-point flexure and 4-point
flexure. A good agreem ent between experimental and Weibull prediction was observed
for all cases. However, the shape parameter was found to be a narrow range o f 14 to 23
for the 3.2-mm thickness and was found to be a w ider range o f 16 to 65 for the 12.7-mm
thickness. It can be m entioned that Bullock [25] reported the same shape param eter and
that Whitney [26] reported different values for the graphite/epoxy composites. The
measured and W eibull-predicted ratios o f bending strength to tensile strength, and the
tensile strength ratios o f two different sized tensile specimens did not show consistent
agreement. However, it was always found the trend that the tensile strength was lower
than 4-point flexure than 3-point flexure showing the stress gradient effect. The tensile
test is not so difficult; in other words, the pultruded composite is not so brittle that we
have to conduct flexure test to estimate the tensile strength. On the other hand, higher
tensile strength o f sm aller specimen was not observed, showing no size effect. Failure
analysis indicated that failure modes o f the tensile specimens o f 38-mm wide specimens
were different w hen com pared to the 12.7-mm wide tensile specimens. M icrostructural
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observation also suggested that the flaw distribution in the m aterials was not uniform,
which appears to be a basic requirem ent for the Weibull distribution.

7.2.3

Measurements, Modeling and FEM Study for Compression Loading

Compressive properties were measured for the 6.3-mm and the 12.7-mm thick
pultruded composites. Compressive strength, strain-to-failure and compressive modulus
were measured as a function o f fiber orientation angle. Specimens were instrumented
with back to back axial strain gages and with various axial strain gages across the width.
Evidence o f two back-to-back strains reading indicated that buckling and bending was
not observed. The axial strain distribution across the width o f the specimen indicated that
the compressive load was introduced successfully through the material during the
compression test. Most o f the specimens failed near the gage section. End crushing was
not observed. The longitudinal compressive strength was found to be 8% higher for the
6.3-mm thick composites when compared to 12.7-mm thick composites. However, the
transverse compressive strength for the 12.7-mm thick composites was found to be 8%
higher than the 6.3-mm thick composites. The compressive strength data were analyzed
using a 2-parameter Weibull, normal and lognormal distribution to determine the proper
distribution to be used to evaluate the B-basis design allowable. The compressive
strength data for the 12.7-mm thick composite were found to be well fitted with 2parameter Weibull model. However, lognormal distribution was found to be better for the
6.3-mm thick composites. The failure analysis suggested that fiber microbuckling
triggered shear failure for the 6.3-mm thick composites and delamination was responsible
for failure o f 12.7-mm thick composites.
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The pultruded composite materials were modeled as similar to laminated
composites. The roving layer was modeled as unidirectional composite and the CSM
layer was modeled as random composite. The elastic properties were predicted using
various micromechanics equations. The elastic properties were used for laminated plate
analysis to predict the elastic constant of pultruded composite. The predicted material
properties were found to be very close to the experimental results except for the
transverse modulus (E 2 ). The predicted layer properties were used in the finite element
analysis to predict the compressive behavior. The compression test specimen was
modeled using a 4-noded isoparametric layered plate and shell element. Both linear and
geometric nonlinear analysis was performed to evaluate the specimen behavior and the
stress distribution under compressive loading. Fairly good correlation was found between
the predicted and experimental data in terms o f stress-strain and load-end shortening
response. The state o f stress within the gage section o f the short-block compression test
specimen was found to be fairly uniaxial, which supports the measurement o f the
compressive modulus and the Poisson’s ratio.

7.2.4

Damage Resistance and Damage Tolerance o f Pultruded Composites

Damage resistance and damage tolerance o f 6.3-mm and 12.7-mm thick pultruded
composites were investigated experimentally. The plate specimens were tested under a
quasi-static indentation loading to investigate the damage resistance o f pultruded
composites. Damage was introduced in the specimens at various incrementally increased
force levels selected from the load-displacement behavior o f the material up to the
failure. The surface damage in the form of dent depth, the back surface crack and the
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internal damage in the form o f delamination area obtained from the X-radiography were
measured. The delam ination area was found to be elliptical for both the thicknesses. The
dam aged specimens w ere sectioned along the longitudinal and the transverse direction,
and the sectioned specim ens were photographed, in order to determine the damage
progression at each load level. The photographs o f the sectioned damaged specimens
showed that the matrix cracks occurred first follow ed by delamination and finally fiber
fracture. The delam ination extended through the thickness in both longitudinal and
transverse direction. A t each load level, a total o f five specimens were tested, and it was
found that the damage parameters within each group vary widely. A correlation among
the damage parameters w as attempted to determine a single parameter that could be used
as a measure o f damage resistance for both the thicknesses.
The contact behavior between the com posite plate and the steel indentor was also
investigated to determ ine the force-indentation relationship (Hertz contact law). The
contact stiffness was m easured 34.3 kN/mm 1'3 for the 6.3-mm thick composites and 51.7
kN /m m 1'3 for the 12.7-mm thick composites. The m odified Hertz contact law predicted
the contact stiffness about 10% higher for the 6.3-m m thick composites and 3.5% higher
for the 12.7-mm thick com posites. The critical indentation was measured to be 0.23-mm
for the 6.3-mm thick com posites and to be 0.43-mm for the 12.7-mm thick composites.
The end-gripped compression test fixture w as used to investigate the damage
tolerance o f pultruded composites. Compression tests were performed on both the
dam aged and open-hole specimens. The undam aged specimens were instrumented with
several pairs o f back-to-back axial strain gages to capture any bending and buckling. The
stress-strain responses o f the back-to-back pairs o f strain gages showed no evidence of
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bending o r global buckling. The out-of-displacement behavior, m easured using DCDT,
also showed no evidence o f global buckling. Both the damaged and open-hole specimens
were instrumented extensively with strain gages near damage or the hole to measure the
strain distribution. The strain at hole-edge was found to be higher as the diameter o f hole
increased. The measured strain concentration factor based on the gross area agreed well
with the theory. Failure analysis o f the compressive failed specimens showed that
delamination, fiber microbuckling and shearing o f CSM layer w ere responsible for
compressive failure. The compressive strength as a function o f hole-diam eter for both the
thicknesses was established and it was found that a single curve could be fitted for both
the thicknesses.
The strain distribution near the damage on both sides o f the specimen indicated
that the strain concentration was present only on the indentation side. The strain
distribution due to damage and hole on the specimen were found to be dissimilar when it
was com pared with the "equivalent-hole-diameter" o f the dam aged specimen. This
equivalent-hole diameter was calculated by superimposing the com pressive strength of
damaged specimens on the compressive strength as a function o f hole diameter plot. The
"equivalent-hole-diameter" was found to be much smaller that the hole-diameter
calculated based on damage area.
The calculated “equivalent-hole-diameter" and residual com pressive strength of
damaged specimen was plotted as function o f various damage param eters. The objective
was to extract a parameter that could use as a measure o f dam age resistance and damage
tolerance o f pultruded composites. It was concluded that the dent depth could be used as
a measure o f damage resistance and damage tolerance o f pultruded composites studied.
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